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ABSTRACT Durotaxis is a type of directed cell migration in which cells respond to a gradient of extracellular stiffness. Using
automated tracking of positional data for large sample sizes of single migrating cells, we investigated 1) whether cancer cells can
undergo durotaxis; 2) whether cell durotactic efficiency varies depending on the regional compliance of stiffness gradients; 3)
whether a specific cell migration parameter such as speed or time of migration correlates with durotaxis; and 4) whether
Arp2/3, previously implicated in leading edge dynamics and migration, contributes to cancer cell durotaxis. Although durotaxis
has been characterized primarily in nonmalignant mesenchymal cells, little is known about its role in cancer cell migration. Diffus-
ible factors are known to affect cancer cell migration and metastasis. However, because many tumor microenvironments grad-
ually stiffen, we hypothesized that durotaxis might also govern migration of cancer cells. We evaluated the durotactic potential of
multiple cancer cell lines by employing substrate stiffness gradients mirroring the physiological stiffness encountered by cells in
a variety of tissues. Automated cell tracking permitted rapid acquisition of positional data and robust statistical analyses for
migrating cells. These durotaxis assays demonstrated that all cancer cell lines tested (two glioblastoma, metastatic breast can-
cer, and fibrosarcoma) migrated directionally in response to changes in extracellular stiffness. Unexpectedly, all cancer cell lines
tested, as well as noninvasive human fibroblasts, displayed the strongest durotactic migratory response when migrating on the
softest regions of stiffness gradients (2–7 kPa), with decreased responsiveness on stiff regions of gradients. Focusing on glio-
blastoma cells, durotactic forward migration index and displacement rates were relatively stable over time. Correlation analyses
showed the expected correlation with displacement along the gradient but much less with persistence and none with cell speed.
Finally, we found that inhibition of Arp2/3, an actin-nucleating protein necessary for lamellipodial protrusion, impaired durotactic
migration.
INTRODUCTION
Directional cell migration refers to the ability of a cell to
polarize and move persistently in a specified direction,
generally in response to an extracellular signal that biases
the direction of movement. Signals in the extracellular space
can take on many forms and can act to either attract or repel
the cell. Chemotaxis, the most thoroughly studied and best-
characterized mechanism of directed migration, involves a
response to diffusible chemicals. Other factors—including
substrate-bound gradients of extracellular proteins (hapto-
taxis), electric fields (galvanotaxis), contact guidance, and
changes in substrate rigidity (durotaxis)—have also been
shown to direct the movement of cells (for reviews, espe-
cially in cancer, see (1–10)). Directed migration can be con-
trasted with the chemokinetic, nondirectional migration that
cells typically exhibit in homogeneous environments. Cells
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responding to a chemical stimulus can polarize and tempo-
rarily move directionally in an environment that lacks any
gradient condition. However, the absence of a sufficiently
strong external gradient to ‘‘bias’’ the direction of cell move-
ment results in a population of cells that migrate in random
directions.

Durotaxis is a mechanism of directional migration in
which a cell responds to an extracellular gradient of stiffness
(6,11). Typically, durotactic migration involves cell move-
ment toward regions of increasing stiffness across steps or
up gradients of increasingly stiff substrates (6,11–21).
Only durotactic migration toward increasing stiffness has
been thoroughly documented; however, there is speculation
that durotaxis toward increasingly soft substrates may occur
(19,20). Mechanisms proposed to underlie durotaxis of
fibroblastic (mesenchymal) cells include contractile mecha-
nosensing, probing of the local substrate by filopodia, and
focal adhesion signaling (15,17,21–24).

Cancer cell migration is important for expanding tumor
margins and initiating the metastatic cascade. Cells escape
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from the primary tumor through a variety of migratory
mechanisms (25), and they enter the circulatory or
lymphatic system. General hallmarks of malignant and
normal cell migration on tissue culture substrates can be
described as a cyclical series of sequential steps. These steps
include 1) protrusion of the leading edge of the cell, 2) adhe-
sion of the leading edge to the extracellular substrate, 3) for-
ward translocation of the cell body, and 4) retraction of the
trailing edge (26,27).

The protrusive leading edge of a migrating cell is often
characterized by a broad, sheet-like lamellipodium, which
can also contain spike-like filopodia. These protrusions
result from globular actin incorporation onto the barbed
end of actin filaments during actin polymerization (28,29).
Arp2/3 is a seven-protein complex responsible for initiating
the growth of an extensive network of these actin filaments
through increased actin branching. This polymerization
against the plasma membrane helps push it forward during
lamellipodia and filopodia formation (30–33), thereby play-
ing a fundamental role in this crucial step of migration.
Furthermore, Arp2/3 has been implicated in enabling cells
to respond by directional migration to chemotactic (EGF
but not PDGF) and haptotactic gradients (34,35). However,
the role of Arp2/3 in durotaxis remains unknown.

There is a strong correlation between stiffening of the tu-
mor microenvironment and activation of epithelial-to-
mesenchymal transition pathways, tumor growth, and
increased malignancy (e.g., see (36–39)). Consequently,
cancer cells might employ durotaxis in the process of met-
astatic dissemination, but there has been little in vitro or
in vivo evidence for the durotactic capacity of cancer cells
to date. If they were capable of durotaxis, another unan-
swered question is whether cancer cells respond to a
gradient of stiffness at a physiological range of stiffness
associated with the compliance characteristics of different
tissues throughout the body (40,41).

In this study, we first developed software to automate cell
tracking to analyze the migratory phenotypes of cells
exposed to gradient conditions with sample sizes for each
condition of >100–800 cells. We then evaluated commonly
used cancer cell lines to determine their capacity to undergo
durotactic migration. To gain insight into their mechanisms
of durotactic migration, we next compared the efficiency of
durotactic migration in regions of different stiffness and
discovered that single-cell durotaxis of all lines tested was
surprisingly most effective in the softest substrate environ-
ments. Nonmalignant, noninvasive human fibroblasts also
showed this enhanced durotactic efficiency on the soft re-
gion of substrates. We then focused on more mechanistic
studies using the glioblastoma cell line U87-MG, which ex-
hibited particularly robust durotaxis. Correlation analyses
revealed the expected strong positive correlation with net
distance migrated along the gradient but a surprisingly
weak correlation with directional persistence of migration
(straightness) and absence of any correlation with migration
speed. On soft substrates, these cells displayed prominent
membrane dynamics at the periphery of migrating cells.
Arp2/3 is known to be important for leading edge dynamics,
and chemically inhibiting this protein complex was found to
disrupt lamellipodia and filopodia and to inhibit durotaxis.
Our studies provide new insights into this unique mecha-
nism of directed cell migration.
MATERIALS AND METHODS

Cell culture

U87-MG (‘‘U87’’), T98G, MDA-MB-231, and HT1080 cells were cultured

in Dulbecco’s modified Eagle medium (DMEM, high glucose without

phenol red or sodium pyruvate, cat. no. SH30284.01; HyClone, Logan,

UT) with 10% fetal bovine serum (cat. no. SH30070.03; HyClone),

200 U/mL penicillin/streptomycin, and 200 mg/mL L-glutamine (Gibco,

Grand Island, NY) at 37�C with 10% CO2. BJ-5ta normal fibroblasts

(CRL-4001; ATCC, Manassas, VA) were cultured in a 4:1 mixture of

DMEM and Medium 199 supplemented with 0.01 mg/mL hygromycin B,

10% fetal bovine serum, and 200 U/mL penicillin/streptomycin.
Adenoviral infection

For live-cell confocal imaging, 3 � 105 U87-MG cells were plated into

35-mm cell-culture dishes with TagGFP2-LifeAct adenovirus (Cat. No.

60121; Ibidi, Fitchburg, WI) at a multiplicity of infection of�10 overnight.

Cells were rinsed with fresh medium the next morning and then replated

onto polyacrylamide gel substrates.
Cell migration

Glass-bottomed dishes were seeded sparsely with 1.5 � 104 cells/35-mm

dish and cultured overnight. The next day, cells were stained with

1 mg/mL Hoechst for 20 min at 37�C. After transfer to fresh medium, cells

were acclimated to the temperature- and humidity-controlled imaging

chamber for 1 h before time-lapse imaging. Time-lapse videos were ac-

quired for 24 h at 15-min intervals using a Zeiss Axiovert 135 microscope

with a 10 � 0.3 NA phase objective (Carl Zeiss Microscopy, Thornwood,

NY). The custom software termed FastTracks (42) was used to automate

acquisition of positional coordinates of individual cell nuclei and to

assemble cell trajectories. To eliminate analysis of nonmigratory cells in

an unbiased manner, the lower quartile of cells for Euclidean displacement

was eliminated from the data set before analysis of cell migration.

Themetrics for cell migrationwere calculated separately for each cell that

was analyzed, and then all cell values were averaged. To calculate FMI, the

displacement value (calculated for the X or Yaxis separately) was divided by

the total displacement the cell underwent (total track length, not the

Euclidean distance). All FMI values for individual cells were then averaged.

Angular displacement was calculated based on the initial and final posi-

tion of each cell (see Fig. 1 C). Speed was determined as the sum of indi-

vidual displacements divided by total time, which results in the same final

result as determining the speed for each time point and then averaging all

values. Persistence was calculated as the Euclidean displacement (deter-

mined using first and last positions) divided by total distance.
Live-cell spinning-disk confocal imaging

For all live-cell fluorescence experiments, DMEM without phenol red or

FluoroBrite DMEM (GIBCO) were used, with each supplemented with a

1:100 ratio of Oxyfluor (Oxyrase, Mansfield, OH) and 10 mM DL-lactate

(Sigma, St. Louis, MO) to reduce photobleaching and phototoxicity,
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FIGURE 1 Procedures for quantifying durotactic migration by a population of single human cancer cells. (A) A polyacrylamide stiffness gradient to which

fibronectin is covalently attached to provide an adhesive substrate is seeded with a population of cells at a sufficiently low density to allow (B) imaging of

individual migrating cells using phase-contrast or fluorescence time-lapse microscopy for (C) computer-based analysis of migratory track using FastTracks

software (42). (D) Graphical schematic of a cell trajectory (red dashed line) and variables used to characterize migratory phenotypes. The equations used to

calculate cell migration parameters are listed on the right. To see this figure in color, go online.
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10% fetal bovine serum, 200 U/mL penicillin/streptomycin, and 200 mg/mL

L-glutamine. U-87 MG cells were imaged with a modified Yokogawa spin-

ning-disk confocal scan head (CSU-21: modified by Spectral Applied

Research, Richmond Hill, ON) on an automated Olympus IX-81 micro-

scope using a 30�, 60�, or 100� SAPO-Chromat silicone oil objectives

(NA 1.15, 1.3, and 1.35, respectively). A custom laser launch (built by

A.D.D.) equipped with 445-nm (80 mW; Vortran Laser Technology, Sacra-

mento, CA), 488-nm (150 mW; Coherent, Santa Clara, CA), 514-nm

(150 mW; Coherent), 568-nm (100 mW; Coherent), and 642-nm

(110 mW; Vortran Laser Technology) diode lasers supplied excitation

wavelengths. A Gooch and Housego AOTF controlled shuttering and inten-

sity for 488, 514, and 568 lines. 445 and 642 lines were shuttered, and in-

tensity was controlled via TTL and direct voltage steps, respectively. The

primary dichroics (442/568/647 and 405/488/568/647) were from Semrock

(Rochester, NY). Images were captured using a backthinned EM CCD cam-

era in 16-bit format using the 10 MHz digitization setting (Photometrics,

Tucson, AZ). EM gain was set at 600–800 (3�) with exposure times 50–

100 ms per image acquired every 1 min for 1.5–3 h. A motorized Z-piezo

stage was used to rapidly capture Z-stacks every 0.5 microns over a Z-dis-

tance of 6–8 microns (ASI Imaging, Eugene, OR). An environmental cham-

ber surrounding the microscope maintained cells at a constant 37�C, with
10% CO2 and �50% humidity (Precision Plastics, Beltsville, MD). All

components were controlled with MetaMorph imaging software (Molecular

Devices, Downington, PA).
Glass substrate treatment

Nunc glass-base 27-mm culture dishes (cat. no. 150682; Thermo Fisher

Scientific, Waltham, MA) were treated with 3-(trimethoxysilyl)propyl
672 Biophysical Journal 116, 670–683, February 19, 2019
methacrylate (cat. no. M6514; Sigma-Aldrich), ethanol, and 10% glacial

acetic acid in water (ultrapure molecular biology grade water, cat. no.

351-029-131; Quality Biological, Gaithersburg, MD) at a 1:200:6 ratio.

This solution was added to glass-bottomed dishes for 5 min, rinsed twice

with ethanol, and then allowed to dry.
Polyacrylamide gels

Preparation of gradient gels was based on the protocol of Tse and Engler

(43). Briefly, 40% acrylamide monomer (AAm) and 2% N,N0-methylene-

bisacrylamide (BIS) stock solutions (cat. no. 161-0140 and 161-0142,

respectively; Bio-Rad, Hercules, CA) were used to prepare a 10% AAm

and 0.3% BIS solution in phosphate-buffered saline (PBS). 0.5% w/v Irga-

cure 2959 (cat. no. 410896; Sigma) was added to catalyze cross-linking

when exposed to UV light. To generate high-stiffness gradient gels, the

acrylamide concentrations were increased to 15% AAm and 1.0% BIS.

30 mL of gel solution was added to 3-(trimethoxysilyl) propyl methacry-

late-treated dishes and covered with 25 mm glass coverslips that had

been presilanized with dichlorodimethylsilane. Dishes were then placed

on top of a gradient photomask generated as follows: the photomask

template was designed with the Adobe Photoshop Gradient Tool to

be the same dimensions as the gel and with a linearly increasing gray-

scale density of 0–70%. The photomask was generated using a Xerox

Phaser 6280 laser printer to print the linear gradient of ink density at

1200 dpi onto laser printer transparency film. The dishes were exposed

to 302-nm ultraviolet (UV) light produced by a Maestrogen trans-

illuminator (4 mW/cm2; Hsinchu City, Taiwan; light intensity was

measured to be 3.3 joules below the coverslip and 2.7 J above it) for

2.5 min to polymerize the gradient gel, then immediately immersed in
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PBS, and the top coverslip was removed. Gels were then washed several

times with PBS.

Soft and stiff uniform polyacrylamide gels were prepared by combining 5

or 10% AAm, respectively, with 0.1% BIS. 1:1000 N,N,N0,N0-tetramethyle-

thylenediamine and 1:100 10% ammonium persulfate were added to the

monomer solutions, and 30 mL was pipetted onto a treated dish and covered

with a silanized coverslip. After 25 min of polymerization, PBS was added

to the dishes, and the glass coverslip was detached from the gel.
AFM measurements

Microindentations were performed with an atomic force microscopy

(AFM) instrument (Bioscope Catalyst; Bruker-Nano, Santa Barbara, CA)

positioned on top of an inverted optical microscope (IX-71; Olympus,

Tokyo, Japan). We used silicon nitride AFM cantilevers (MSCT; Bruker-

Nano) with nominal stiffness of 0.03 and 0.12 nN/nm and silicon cantile-

vers (FESP; Bruker-Nano) with nominal stiffness of 2.8 nN/nm, depending

on the expected gel stiffness range. The stiffness of each probe used was

measured using the thermal calibration utility provided with the instrument

software (NanoScope v8.15). Glass microspheres, 20 mm in diameter, were

attached to each cantilever using UV-curable epoxy and were used as the

indentation probes. Gradient gels were positioned on the optical micro-

scope stage, and indentations were performed parallel to the expected stiff-

ness gradient and across the whole width of the gels. Indentations were

performed at 30-mm intervals. The acquired force-indentation curves

were analyzed using custom-written software (MATLAB; The MathWorks,

Natick, MA) to extract the elastic modulus at each point probed and to plot

the final results based on n ¼ 3 gradient gels. Regions measuring 160 �
160 mm2 for each uniform gel were probed at points on a 16 � 16 mm

grid (10-mm steps in both X and Y directions), and histograms of the distri-

butions of modulus values for individual gels (n ¼ 4 gels for soft and stiff

conditions) were plotted to evaluate local elasticity variability and to

confirm that the extracellular matrix protein conjugation did not alter elastic

modulus.
Extracellular matrix protein conjugation

A 1 mg/mL solution of Sulfo-SANPAH (SS) (cat. no. 22589; Pierce, Wal-

tham, MA, Thermo Fisher Scientific) in PBS was added to each gel and

immediately exposed to 365-nm UV light for 8 min using a desktop

Spectroline UV lamp (model ENF-280C; Westbury, NY). The same

Sulfo-SANPAH treatment and UV illumination were repeated for a second

time. Gels were immediately washed twice in PBS, then a 0.1 mg/mL so-

lution of human plasma fibronectin (isolated as described by Akiyama

(44)) was added directly to the gels for 4 h. Gels were then washed several

times with PBS and incubated with fresh media 30 min before plating cells.

Uniformity of conjugation across the gradient gels was confirmed by immu-

nofluorescence staining for fibronectin using a rabbit anti-human plasma

fibronectin polyclonal antibody and laser scanning confocal microscopy.
Statistics

Statistical analysis was performed using the MATLAB Statistics and Ma-

chine Learning toolbox (The MathWorks) as detailed in each figure legend.
RESULTS

Durotaxis assay

We used the protocol initially established by Tse and Engler
(43) to generate gradients that spanned the range of physio-
logical stiffness encountered by cells across many tissues,
followed by uniform conjugation of fibronectin protein to
the surface of the polyacrylamide gradient gels to mediate
cell adhesion (Fig. S1). To evaluate cancer cell durotaxis,
cells nuclei were fluorescently labeled with Hoechst,
cultured on gradients, and then imaged with time-lapse fluo-
rescence microscopy (Fig. 1, A and B). Fluorescent nuclei
were tracked using custom software (42) that enabled unbi-
ased acquisition of cell trajectories for numerous cells
(Fig. 1 C). Two different measures of directional migration
were then used to quantify cell migration. A forward migra-
tion index (FMI) (Fig. 1; Eq. 1) was used to measure the
displacement of a cell parallel to the gradient relative to
the cell’s total path length. Angular displacement (Fig. 1;
Eq. 2) was used to assess the cell’s angular trajectory over
the interval that the cell was tracked. Additional statistics
such as cell speed (Fig. 1; Eq. 3) and persistence (Fig. 1;
Eq. 4), a measure of cell directionality, were also quantified
for each cell.
Cancer cells undergo durotaxis

Cancer cell durotaxis was evaluated initially using U87 glio-
blastoma cells. Representative examples of 8-h migration
tracks of cells migrating at locations along the entire
gradient but plotted from a single origin are shown in
Fig. 2 A. As a control, cells were also cultured on uniform
soft and stiff gels that reflect the modulus values associated
with the soft (3.5 kPa) and stiff (17.0 kPa) portions of our
gradient condition. As can be seen by examination of migra-
tory tracks and by quantification of FMI, U87 cells exhibited
a moderate durotactic phenotype in response to the gradient
with an average FMI of 0.07 (Fig. 3 A). Although the magni-
tude of directional migration was not large, it differed sub-
stantially from the minimal FMI values obtained for cells
cultured on uniformly soft or stiff gels (Fig. 3 A). That is,
on uniform gels, U87 cells exhibited a pattern of chemoki-
netic migration characterized by an absence of biased direc-
tional movement, as indicated by an FMI that approximated
zero (Fig. 3 A) and uniformly dispersed angular displace-
ments (Fig. 3, C and D). In clear contrast, the angular dis-
placements of cells on a gradient indicated movement
toward increasingly stiff regions (Fig. 3 B). To evaluate
this qualitative assessment statistically, we employed Ray-
leigh hypothesis tests to evaluate the significance of the
directionality of angular data on a 0–360� scale. We found
that cell trajectories were significantly biased toward
increasingly stiff regions of the gradient, whereas movement
of cells on soft or stiff gels was relatively uniform (Fig. 3 B
compared to Fig. 3, C and D).
Local stiffness affects effectiveness of the
durotactic response

Substrate compliance is known to influence cell morphology
and migration (45,46). Therefore, we hypothesized that the
Biophysical Journal 116, 670–683, February 19, 2019 673
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FIGURE 2 Tracking migration of cancer cells

undergoing durotaxis in response to a stiffness

gradient. (A) U87 glioblastoma cells seeded on a

polyacrylamide stiffness gradient to which fibro-

nectin had been covalently coupled. Dashed lines

indicate the 250-mm-wide soft, medium, and stiff

regions; phase-contrast microscopy. (B) Represen-

tative tracks of U87 glioblastoma cells migrating

on a stiffness gradient, with greater stiffness to-

ward the top. Black tracks indicate cells with net

translocation toward the stiffer end of the gradient

after 8 h (10 of 16 cells in this example). Red

tracks indicate cells with net translocation against

the gradient. (C) Representative tracks of U87

cells migrating on the soft (2–7 kPa) region of a

stiffness gradient. Note that a higher proportion

of cells on this soft region of the gradient migrate

toward the stiffer end of the gradient substrate

(black tracks; 10 of 14 cells) compared to cells

migrating opposite to the gradient (red). To see

this figure in color, go online.
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efficiency of cell durotaxis might also be influenced by the
specific level of stiffness that a cell encounters on our gradi-
ents spanning �3–23 kPa. We analyzed cell migration data
based on the initial location of each cell on the gradient.
Cells were grouped into three 250-mm regions that we
defined as soft (2–7 kPa), medium (7–13 kPa), and stiff
(13–18 kPa). We observed significant directional migration
parallel to (up) the gradient for cells initially occupying each
region (Figs. 2 B and 4); control evaluations to rule out
lateral directional migration by determining FMI values
perpendicular to the gradient confirmed that the only net
directionality of migration was up the gradient (Fig. 4 A).
However, there was a stepwise decrease in the magnitude
of the directed migration up stiffness gradients as cells occu-
pied increasingly stiff regions of the gradient (Fig. 4 A).
This trend was further substantiated by evaluating the
angular displacements of cells within each of these regions
(Fig. 4 C). These durotaxing cells, i.e., ‘‘forward’’-moving
cells that migrated toward increasingly stiff regions, repre-
sented 72% of cells evaluated on the soft region and 61
and 55% for cells occupying the medium and stiff regions,
respectively (Fig. 4). The remainder of the cells represented
a subpopulation that moved in a ‘‘reverse’’ direction relative
to increasing stiffness for the interval over which they were
674 Biophysical Journal 116, 670–683, February 19, 2019
tracked. Consequently, durotaxis in these cells is an average
population phenomenon.

The morphology of these cells in the soft region of gradi-
ents was not mesenchymal but was generally rounded in
shape and minimally polarized, whereas cells on stiffer parts
of the gradient displayed a flattened, polarized morphology
(e.g., see Fig. 2 A). In addition, we found that the population
undergoing the most robust durotactic migration—on the
soft region—moved with speeds significantly slower than
cells occupying stiffer regions of the gradient (Fig. 4 D);
thus, higher speed of migration does not enhance durotaxis.
Moreover, there was no difference in persistence (direction-
ality) of migration between these groups (Fig. 4 D).

A conceptual concern with comparing durotaxis on
different regions of a linear stiffness gradient gel is that
the rate of change in stiffness becomes progressively less
in stiffer regions. Therefore, we examined for the efficiency
of durotaxis on high-stiffness gradient gels that rose to
80 kPa, with the softer region 9–25 kPa, medium 25–
50 kPa, and stiffest 50–80 kPa. The efficiency of durotaxis
as quantified by FMI was lower than gels with the original
2–20 kPa gradients (Fig. S2). Most importantly, there
were no significant differences in durotactic efficiency
when comparing softer with stiffer regions in these gels



Soft

Gradient

Stiff

FMI on gradient vs. uniform gelsA B

C D

***
***

0.02

0

0.04

0.06

0.08

FIGURE 3 Quantification of cancer cell duro-

taxis in response to a stiffness gradient. (A) Com-

parison of FMI values for U87 glioblastoma cells

cultured on gradient versus uniform soft or uni-

form stiff substrates to quantify the effects of a

stiffness gradient on directed migration. (B–D)

Angular displacement plots for U87 cells cultured

on a gradient (B), uniform soft (C), or uniform stiff

(D) substrates as a secondary measure of direc-

tional migration. Error bars represent mean 5

standard error (SE). Data were obtained from
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biological replicates (independent experiments)

for gradient, soft, and stiff conditions, respectively.

FMI p-values were calculated using one-way

ANOVA and Tukey’s post hoc test (***p R
0.001). Angular displacement data were calculated

and evaluated statistically using Rayleigh tests

for evaluating nonuniformity of circular data

(MATLAB) with the assumed mean direction set

at 90� (***p % 0.001). To see this figure in color,

go online.
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possessing much higher absolute stiffness. We conclude that
there is a plateau or saturation in the efficiency of durotaxis
above the optimal range of absolute stiffness of 2–7 kPa but
also that durotaxis can still occur in regions of high stiffness.
Carcinoma, fibrosarcoma, and glioblastoma cell
lines all exhibit durotaxis

In addition to U87 cells, we evaluated a second glioblastoma
cell line (T98G), ametastatic epithelial breast cancer cell line
(MDA-MB-231), and a mesenchymal fibrosarcoma cell line
(HT1080) (Fig. 5) to determinewhether our stiffness gradient
condition would elicit a durotactic response in other
frequently used cancer cells. Surprisingly, each cell line ex-
hibited a pattern of durotaxis analogous to that seen for
U87 cells. Notably, for each of these other cell types, directed
movement was also most prominent on the soft region of the
stiffness gradient, with an incrementally decreasing durotac-
tic response as the gradient became increasingly stiff. We
also compared the durotactic migration of an immortalized
nonmalignant fibroblast cell line (BJ-5ta), a normal counter-
part to the HT1080 fibrosarcoma line. These nonmalignant
fibroblasts displayed the same pattern of enhanced durotactic
efficiency on the soft region of gradient gels, with less at
intermediate and higher stiffness (Fig. S3).
Evaluating directional migration over time

The FMI reported above is a function of the migratory
persistence of a cell parallel to the gradient. Evaluating
this metric for the population of U87 glioblastoma cells
occupying the soft portion of the gradient revealed that
this value remains relatively constant over the duration of
the experiment (Fig. 6 A). This steady-state FMI suggests
a continual increase in the average displacement of cells
parallel to the gradient. An inspection of the population’s
average displacement confirms persistent movement toward
increasingly stiff regions of the gradient (Fig. 6 B). As ex-
pected, FMI and displacement values evaluated perpendic-
ular to the axis of increasing stiffness approximated zero
(Fig. 6), confirming that there is no directional cue along
this axis.
Correlation analysis confirms contribution to
durotaxis from displacement along the gradient
but minimally from persistence (straightness) and
none from cell speed

In an effort to identify the cell migration parameter(s) asso-
ciated most closely with durotaxis, U87 cancer cell data
were subjected to correlation analyses. FMI was compared
Biophysical Journal 116, 670–683, February 19, 2019 675
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FIGURE 4 Durotaxis efficiency on different re-

gions of the stiffness gradient. (A) FMI for cells

moving parallel (bars) versus perpendicular (stip-

pled bars) to the stiffness gradient on the soft, me-

dium, or stiff regions. (B) The proportion of cells

moving toward the stiff side of the gradient (for-

ward, darker colored bars) compared to the num-

ber of cells moving toward the increasingly soft

side (reverse, pastel). (C) Polar histograms indicate

the angular displacement of cells within the three

different stiffness regions. (D) Speed and persis-

tence (directionality) of cells with respect to posi-

tion on the gradient. Error bars represent mean 5

SE, N ¼ 3, n ¼ 793. Boxplot center lines denote

the median, and edges represent the 25th and

75th percentiles, with whiskers incorporating

99.3% of all data. For clarity, nonmigrating outliers

were excluded from the graph as described in Ma-

terials and Methods, but they were not excluded

from the statistical analysis. FMI was evaluated

statistically using two-way ANOVA with Tukey’s

post hoc test (***p % 0.001). Angular displace-

ment was evaluated statistically using a Rayleigh

test (*p% 0.05, ***p% 0.001). Speed and persis-

tence (straightness index) were evaluated by one-

way ANOVA and Tukey’s post hoc test (***p %
0.001). To see this figure in color, go online.
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to displacement in the Y direction toward increasing stiff-
ness (which should by definition correlate with FMI),
overall cell displacement (net distance traversed over the
8-h assay period), persistence (straightness) of the migration
track, and average speed of migration. As shown in
Fig. 7 A, evaluation of cells located throughout the gradient
(soft through stiff) showed the expected correlation
with displacement up the stiffness gradient (correlation
coefficient ¼ 0.77). There was only weak correlation of
the FMI of each cell with its persistence (correlation
coefficient ¼ 0.14 each). There was no correlation with
overall displacement and speed (�0.01 and �0.03,
respectively).

We next focused on cell behavior on the soft region of the
gradient, which was the most efficient region for durotaxis
(Fig. 7 B). As expected, there was strong positive correlation
with displacement up the gradient (0.82) but again only
modest correlation with persistence (0.29) and no correla-
tion at all with cell speed and overall displacement (0.03
and �0.03, respectively).
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Because it was conceivable that some cells migrating in
the soft region of gradients might have initiated migration
in a stiffer region, thereby confusing our analysis, we also
examined data restricted to the cells that had initiated migra-
tion in the soft region (252 out of 292 cells). The results
were the same as for the total population of cells in the
soft region, i.e., confirming the positive correlation with
displacement along the gradient, only modest correlation
with persistence, and no correlation with total displacement
or speed (data not shown). In addition, even though one
tumor cell line showed considerably reduced speed of
migration on soft regions, two other tumor cell lines showed
less reduction, and a normal human fibroblast line showed
no decrease in speed even though durotaxis was also
elevated in the soft region. Consequently, even though the
capacity of these cells to undergo durotaxis is strongly posi-
tively correlated as expected with the overall migratory
directional displacement up the gradient, there is relatively
minimal correlation with the migratory persistence of a
cell and none with individual cell speed or total migratory



FIGURE 5 Frequently used cancer cell lines undergo durotaxis. (A) FMI values for U87, T98G, MDA-MB-231, and HT1080 cells on soft, medium, and

stiff regions of the stiffness gradient. (B) Corresponding angular displacement values for each of the cancer cell populations occupying the soft portion of the

gradient. Error bars represent mean 5 SE for n ¼ 255, n ¼ 800, n ¼ 495, and n ¼ 136 cells from 3, 3, 2, and 2 biological replicates in independent exper-

iments, respectively. FMI was evaluated statistically by one-way ANOVA and Tukey’s post hoc test (*p% 0.05, ***p% 0.001). Angular displacement was

evaluated using Rayleigh tests (***p % 0.001). To see this figure in color, go online.
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displacement. Thus, cells that migrate persistently are only
slightly more likely to undergo durotaxis, and speed of
migration does not affect efficiency of durotaxis.
Arp2/3 inhibition blocks U87 cell durotaxis

Membrane protrusion via lamellipodial and filopodial dy-
namics during cell migration depends on Arp2/3-mediated
actin polymerization, and this protein complex has been
implicated in chemotaxis driven by EGF (35) but not by
PDGF (34), as well as in haptotaxis (34). Although they
FIGURE 6 FMI and displacement calculated over time. (A) The ensemble me

(D) to the gradient. (B) The average displacement of cells parallel to the gradient

ment perpendicular to the gradient. To see this figure in color, go online.
show little or no polarity in soft regions where they display
maximal durotactic efficiency (Fig. 8, E and F), U87 cells
demonstrate numerous small lamellipodial and filopodial re-
gions around the cell during migration on gradients alter-
nating with a rounded blebbing phenotype (Fig. 8);
therefore, we tested whether Arp2/3 plays a role in duro-
taxis. U87 cells treated with the specific Arp2/3 inhibitor
CK-666 (50 mM) displayed substantially lower FMI values
compared to DMSO controls. A detailed evaluation of dur-
otaxis in Fig. 8 on soft, medium, and stiff regions of the
gradient revealed that CK-666 impairs durotaxis across all
an for U87 forward migration index (FMI) parallel (,) and perpendicular

was found to increase gradually over time compared to the average displace-
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FIGURE 7 Correlation analysis of FMI

compared to each of four migration parameters.

(A and B) Correlation coefficients between FMI,

net cell displacement up the gradient (‘‘Y displace-

ment’’), persistence of migration, total cell

displacement, and speed of migration. (A) Analysis

of all 8-h tracks for 1205 cells on the entirety of the

gradients. (B) Analysis of the 8-h tracks for cells

located on the soft (2–7 kPa) region of gradients

(292 cells). To see this figure in color, go online.
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regions of our gradients but most strikingly (>9-fold reduc-
tion) on the soft region that normally most effectively
promotes durotaxis (Fig. 8, A and B). Consistent with previ-
ous studies (34,47), experimentally impairing Arp2/3 activ-
ity also resulted in a significant reduction in cell speed
(Fig. 8 C). However, correlation analysis had revealed no
relationship between cell speed and FMI in untreated cells
(Fig. 7). Furthermore, under normal, noninhibited condi-
tions, cells occupying the softest portion of the gradient
represent the most durotactic population despite generally
migrating significantly more slowly than cells elsewhere
on the gradient (Figs. 2, 4, and 5). These findings suggest
that the ability to undergo durotaxis is not related to speed
of migration but instead depends on some other biological
function mediated by Arp2/3.

We therefore examined for alterations in Arp2/3-depen-
dent lamellipodial and filopodial dynamics. Inhibition of
Arp2/3 resulted in morphological alterations in both overall
cell morphology and membrane dynamics of treated U87
cells. At any specific time, a majority of U87 cells were
observed to display dynamic cell-surface protrusions,
with multiple small lamellipodia and filopodia per cell
(Fig. 8 E; Video 1). However, roughly 40% of the U87 cells
normally switch back and forth from mode of migration
characterized by lamellipodia and filopodia to a more
rounded, rapidly blebbing phenotype, and more than 20%
remain blebbing (Fig. 8 H; Video 2). Inhibition of Arp2/3
converted nearly all nonblebbing cells to the rounded, bleb-
bing morphology (Fig. 8 F). The percentage of such contin-
uously blebbing cells rose from <25% þ the 40% that bleb
periodically to >80% (Fig. 8 G), with a striking loss of the
multiple, highly dynamic small lamellipodia with short filo-
podia normally characteristic of migration by this cell,
which were replaced by numerous, highly active blebs anal-
ogous in appearance to the blebbing phenotype of untreated
cells (Fig. 8 F; Video 3). This cell blebbing phenotype was
reverted back to primarily lamellipodial/filopodial within
1 h after removing the inhibitor (data not shown). These
morphological effects and altered dynamics of the mem-
678 Biophysical Journal 116, 670–683, February 19, 2019
brane protrusions classically associated with cell migration
to blebbing resulting from Arp2/3 inhibition are consistent
with the accompanying significant loss of cell speed, low
persistence of migration, and inability to undergo duro-
taxis—a process shown here to depend on Arp2/3 function.
DISCUSSION

Durotaxis is a class of externally directed cell migration in
which the direction of cell migration is governed by a local
physical parameter: the stiffness of the migratory substrate
(11–20). Durotaxis has been characterized in detail recently
in several nonmalignant cell types, generally those derived
from a mesenchymal lineage (e.g., see (48,49)). However,
it was not clear whether cancer cells can also undergo effec-
tive durotaxis. We applied automated computer tracking of
individual human cancer cells in tissue culture to obtain un-
biased data sets for characterizing populations of migrating
cells. We demonstrate that for all four of the different types
of human cancer cells examined, all of them undergo duro-
taxis on our stiffness gradients using fibronectin as the sub-
strate. Unexpectedly, the efficiency of each of these cancer
cell types to undergo durotaxis depended on the local
compliance of the stiffness gradients, with maximal duro-
taxis in the physiologically soft 2–7 kPa range. A compari-
son with a nonmalignant fibroblast counterpart to the
fibrosarcoma cells revealed a similar extent of durotaxis
with maximal efficiency on the same soft 2–7 kPa region
of the gradient compared to stiffer regions. Time-course
and correlation analyses revealed that durotaxis was inde-
pendent of the time of migration and cell speed. As
expected, durotaxis did correlate with the extent of cell
migratory displacement along the gradient but only
modestly with persistence and not with total extent of
displacement. At a molecular level, Arp2/3 function was
necessary for both normal lamellipodial and filopodial dy-
namics and ability to undergo durotaxis.

As will be discussed later, there are theoretical reasons
that malignant cells might employ durotaxis during the
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process of cancer cell spreading during metastasis. How-
ever, to our knowledge, this study is the first to document
directly the capacity of multiple types of tumor cells—
ranging from glioblastoma to breast cancer and fibrosar-
coma—to undergo effective durotaxis. In addition, the
unexpected shared behavioral characteristic of these various
cancer cells and a normal fibroblast line to undergo duro-
taxis most efficiently on the soft portion of durotactic gradi-
ents suggests that physiologically softer regions of the body,
e.g., the brain and other soft-tissue regions, may be particu-
larly susceptible to durotaxis-augmented invasion. Interest-
ingly, mesenchymal stem cell chemotaxis toward EGF was
recently reported to be more efficient on a soft substrate
(50). Taken together, these independent findings on duro-
taxis and chemotaxis suggest that cells may respond most
efficiently to both physical and chemical cues for directional
migration in a softer, more compliant microenvironment.

The presence of a polarized, mesenchymal cell mor-
phology and consistent polarity of lamellipodia or lamellae
in the direction of migration failed to correlate with efficient
durotaxis. In fact, the opposite was observed: cells in soft re-
gions that could mediate durotaxis the most effectively were
notably rounded with little or no cell polarity; cells alter-
nated between lamellipodial/filopodial surface phenotype
and a blebbing phenotype, but neither cell type showed
much polarity (see Figs. 2 A and 8, E and H). Attempts to
predict whether a cell would be durotactic by trying to
correlate cell morphology with its direction of migration
along a stiffness gradient using phase-contrast time-lapse
videos completely failed, supporting the observation in
static images that the most efficient durotaxis occurred in
soft regions where cells were poorly polar. This finding
initially appeared nonintuitive because it might be assumed
that durotaxis will be the most efficient in polarized cells
with lamellipodia confined to the front of a cell to lead it
up the stiffness gradient. Instead, our findings suggest that
the most efficient durotaxis by single cells (either cancer
or nonmalignant fibroblastic cells) involves weak adhesion
with rapid sampling of the substrate. Consistent with this
view, durotaxis on a much stiffer gradient was approxi-
mately half of the FMI for soft regions, suggesting a plateau
in durotactic efficiency beyond the 2–7 kPa region but also,
importantly, not a total loss of the capacity for durotaxis as
predicted in a recent publication (51), even in stiff regions
where the cells were generally flattened and polarized
(e.g., Fig. 2 A). Although various models will likely be
possible, combining a model involving Arp2/3-dependent
membrane dynamics with a motor-clutch model (52) to
define optimal substrate stiffnesses for migration speed
compared to durotactic efficiency could provide an attrac-
tive future approach.

We focused on single, individual migrating cells to be
able to evaluate durotaxis independent of cell-cell contact.
A recent study focusing on durotaxis by confluent mono-
layers of cells revealed an apparent enhancement of durotac-
680 Biophysical Journal 116, 670–683, February 19, 2019
tic efficiency in collective cell migration, and actomyosin
contractility across the whole population was important
for collective cell durotaxis (21). Roles for focal adhesions
and probing cell-substrate contacts by filopodia have also
been associated with durotaxis (15,17,21–24). To search
for a novel contributor to durotaxis, we focused on function
of the Arp2/3 complex in the formation of a key sensory
organ, the lamellipodium. The selective small-molecule
Arp2/3 inhibitor CK-666 blocks conformational activation
of the Arp2/3 complex (53). CK-666 is known to inhibit
Arp2/3 functions in lamellipodial function in a variety of
cell types, including other glioblastoma cell lines besides
those examined here (34,47). Consistent with other studies,
inhibition of Arp2/3 with CK-666 severely inhibited normal
cell-surface lamellipodial and filopodial dynamics, which
were replaced in the glioblastoma cells by rapidly dynamic
blebs, with a complete loss of the already minimal extent of
cell polarity. Durotaxis was strongly inhibited throughout
the stiffness gradient, pointing to a critical role of Arp2/3
in durotaxis. It should also be noted that although Arp2/3
suppressed the speed of cell migration, migration was
slower in soft regions of gradient gels where durotaxis is
most efficient, and we could not find any correlation be-
tween cell speed and durotaxis in untreated cells. Instead,
the most striking effect of Arp2/3 inhibition was the com-
plete loss of lamellipodial and filopodial dynamics, suggest-
ing their role in durotaxis.

When considering the potential biological significance of
durotaxis in human cancer cells, it is important to note that
malignant cells often encounter a diverse microenvironment
that provides both chemical and mechanical cues governing
cell adhesion that can change over time. To the lists of gra-
dients of chemokines and diffusible growth factors, as well
as gradients of extracellular matrix that have been impli-
cated in promoting cancer cell migration (1–9,21), we pro-
pose adding mechanical gradients of stiffness. As described
previously for chemotactic gradients in which high levels of
chemoattractant are known to suppress chemotaxis, this
study establishes that high levels of mechanical stiffness
suppress efficiency of durotaxis. Thus, in both types of
cell taxis, key elements are optimal concentrations of the
chemical or physical signal. We emphasize that this concept
of an optimal level stiffness for durotaxis was also shared by
a nonmalignant human fibroblast line, suggesting that
normal tissue remodeling by fibroblasts may also involve
durotaxis modulated by the local stiffness of extracellular
matrix.

The stiffening extracellular stroma surrounding a tumor
might offer a durotactic escape route from the potentially
threatening hypoxic, necrotic environment of a primary
lesion. Inhospitable conditions may trigger innate mechano-
sensing machinery to be able to initiate efficient directional
migration. An analogous phenomenon could be the activa-
tion of epithelial-to-mesenchymal transition in response
to tumor microenvironmental conditions that enhance
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extravasation and metastasis (54). Migrating into regions of
elevated stiffness is also known to promote the proliferative
capacity of cells and enhance tumor growth (55–58).

The tumor-stroma boundary may represent a ‘‘step’’
gradient in which cells encounter a large difference in extra-
cellular stiffness that prompts movement away from neigh-
boring cancer cells. An intriguing report of breast tumor
mastectomies measured with AFM reveals that the
cancerous mass itself is more compliant than the invasive
front of these tumors (59). Furthermore, a sharp step
gradient such as the tumor-stroma boundary may propagate
an effective stiffness gradient that can be encountered over
longer distances. For example, cells cultured on soft poly-
acrylamide gels are responsive to the stiff underlying glass
if the gel is made sufficiently thin (60,61). This reveals
the concept that as cells exert tension on their surrounding
environment, the increased stiffness of the stromal boundary
may be felt at a distance that could promote a durotactic
response (62).

A great deal of circumstantial evidence also exists for the
potential creation of local gradients by stromal cell remod-
eling of the ECM environment of tumors (63,64). Fibro-
blasts strain collagen and fibronectin fibers, thereby
transmitting tension to the ECM. As this tension becomes
dissipated further from the contractile source, a potential
gradient of stiffness can be generated (65). Cancer cells
may well escape a primary tumor along these avenues of
strained ECM. Although cells have been observed aligning
and migrating along strained ECM, cell-induced strain can
also align the matrix, making differentiation between migra-
tion induced by stiffness or ECM topography difficult (66).
It seems likely that a combination of multiple environmental
factors ultimately dictates the direction in which a cell
moves, just as for any other form of directed migration.
CONCLUSIONS

In this study, we have established that human cancer cells of
varying tissue origins can undergo durotaxis, i.e., directed
cell migration toward regions of increasing stiffness. This
response could provide additional biological significance
to the alterations in stiffness known to exist at tumor sites.
Using an automated tracking system for an unbiased exam-
ination of the parameters affecting durotaxis, we found
that even though single migrating tumor cells showed the
expected correlation between durotaxis and migratory
displacement up stiffness gradients, parameters such as
cell speed and intrinsic cell directionality did not contribute.
Intriguingly, durotaxis occurred most efficiently on a soft
substrate and became less effective on stiffer substrates for
both cancer cells and normal counterpart nonmalignant fi-
broblasts. In addition to previously described mechanisms
contributing to the process of durotaxis, we established
that function of the Arp2/3 complex, which regulates cell-
surface dynamics, was also crucial for effective durotaxis.
Our studies add durotaxis to a variety of previously
described forms of directed migration as a potential contrib-
utor to human cancer.
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Figure S1.  Uniformity of conjugated fibronectin across the stiffness gradient. 
A gradient substrate was generated and conjugated with human plasma FN protein.  
The red points and error bars represent the averaged stiffness (elastic modulus) values 
± SD along the gradient with the solid black line indicating the line of best fit. The 
equation for this line is used to infer the stiffness of the gel at any given point along the 
gradient. The gradient slope measures 22 Pa/µm. The black points and error bars 
represent the relative fluorescence of the fibronectin conjugated to the gradient as 
determined by confocal microscopy after immunostaining.
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Figure S2.  Durotactic efficiency is dependent on the absolute ECM stiffness for 
U87 glioblastomas cells. A) Polyacrylamide gels were generated using different 
acrylamide/bis-acrylamide ratios to generate low- and high-stiffness gradient gels (10/0.3 
and 15/1, respectively).  Data shown indicate the average elastic modulus and SEM for 3 
replicate gels for low-stiffness (green) and high-stiffness (red) gradient gels.  B) Forward 
migration index (FMI) for U-87 glioblastoma cells migrating in a durotactic fashion on 
10/0.3 (low-stiffness gradient: green) and 15/1.0 (high-stiffness gradient: red) in the three 
regions used throughout this study, indicated here as softer, stiffer, and stiffest.  The 
results indicate that the local overall substrate stiffness is important for durotactic 
efficiency, but also that durotaxis can still occur at high stiffness. N=4 replicate gels, 
n>170 cells for each region. 
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Figure S3.  Durotaxis efficiency for normal human fibroblasts. Forward 
migration index (FMI) values for the BJ-5ta fibroblast cell line are shown on soft (2-7 
kPa), medium (7-13 kPa), and stiff (13-18 kPa) regions of stiffness gradients.  Solid 
bars indicate FMI along (up) the stiffness gradient, and stippled bars indicate FMI 
perpendicular to the gradient.  Error bars represent ± SEM.
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Figure S4.  Comparisons of migration speeds on gradient gels.  Speed on 
soft, medium, and stiff regions of gradient gels of different cancer cell lines 
compared to a normal human fibroblast line (BJ-5ta).  Statistical analyses were 
performed using one-way ANOVA and Tukey’s post-hoc test (***, p ≤ 0.001).
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