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Abstract

During morphogenesis and cancer metastasis, grouped cells migrate through tissues of dissimilar
stiffness. Although the influence of matrix stiffness on cellular mechanosensitivity and motility are
well-recognized, it remains unknown whether these matrix-dependent cellular features persist after
cells move to a new microenvironment. Here, we interrogate whether priming of epithelial cells by
a given matrix stiffness influences their future collective migration on a different matrix — a
property we refer to as the “‘mechanical memory’ of migratory cells. To prime cells on a defined
matrix and track their collective migration onto an adjoining secondary matrix of dissimilar
stiffness, we develop a modular polyacrylamide substrate through step-by-step polymerization of
different PA compositions. We report that epithelial cells primed on a stiff matrix migrate faster,
display higher actomyosin expression, form larger focal adhesions, and retain nuclear YAP even
after arriving onto a soft secondary matrix, as compared to their control behavior on a
homogeneously soft matrix. Priming on a soft ECM causes a reverse effect. The depletion of YAP
dramatically reduces this memory-dependent migration. Our results present a previously
unidentified regulation of mechanosensitive collective cell migration by past matrix stiffness, in
which mechanical memory depends on YAP activity.
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Introduction

Mechanical properties of the extracellular matrix (ECM) influence phenotypic and genotypic
cellular responses, which can impact cell differentiation, migration, and proliferation [1-4].
In particular, matrix stiffness regulates cellular forces, adhesions, protrusions, and
polarization through mechanotransductive signaling, all of which lead to mechanosensitive
variations in migration phenotypes of both single and grouped cells [3, 5-7].
Physiologically, migratory cells do not continually interact with just one type of matrix.
Instead, grouped cells migrate through mechanically heterogeneous matrices, forming the
basis of fundamental biological processes including embryonic development, wound
healing, regeneration, and cancer metastasis [8]. During embryonic development, a
coordinated collective movement of epithelial cells across diverse microenvironments
enables branching morphogenesis, a process necessary for organ formation [9, 10]. In cancer
metastasis, the mechanical properties of the primary tumor microenvironment are known to
induce de-clustering [2, 11, 12] and outward migration [5, 13] of cancer cells into the
mechanically dissimilar surrounding tissue, which represent the first steps of tumor invasion.

As cells pass through a tissue microenvironment, a distinct set of mechanosensitive signaling
events occur [1], such as clustering of integrin-based adhesion proteins into focal adhesions
[14], Rho-ROCK activation [15, 16], and nuclear localization of transcriptional regulators
YAP and SNAIL1 [17, 18]. Recently, mechanical dosing of human mesenchymal stem cells
on matrices of tunable stiffness has been found to regulate mechanical memory-dependent
lineage commitment decisions, and this process is shown to depend on YAP activity [19]. To
study cell migration on heterogeneous matrices, gel systems with gradient stiffness have
been used to show durotaxis for single [20] and collective cells [7], and define specific roles
of myosin isoforms [21] in cell polarization during spontaneous migration across these
substrates. However, it remains unknown whether the cells that are primed on a given ECM
for a defined duration retain their mechanosensitive signatures even after moving to a new
microenvironment. We refer to this persistent influence of cellular mechanosensitivity on
cell migration as the “mechanical memory of migratory cells’. In this study, we asked — do
collectively migrating cells remember their past matrix stiffness as they move across
mechanically dissimilar microenvironments?

Biomaterials. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nasrollahi et al.

Page 3

To test this question, we developed a modular polyacrylamide (mPA) substrate comprising
contiguous primary and secondary ECM regions of independently defined stiffness. We
found that a monolayer of cells primed on a stiff ECM migrated faster and in a more
coordinated manner after arriving on a soft secondary ECM, as compared to those cultured
on a homogeneously soft ECM. Nuclear translocation of YAP persisted even after cells
arrived onto a softer secondary ECM and shRNA-mediated depletion of YAP dramatically
blunted this mechanical memory-dependent cell migration. Taken together, our results bring
an additional dimension to the existing framework of mechanosensitive migration of
epithelial cells in response to their current microenvironment. Mechanical memory in
migratory cells may have a particular significance to cancer metastasis, where future
invasion potential of escaped cancer cells may be predicted by exploiting their persistent
dependency on the primary tumor microenvironment stiffness.

Materials and Methods

Modular Polyacrylamide (mPA) Hydrogels

Contiguous polyacrylamide gels with distinct modules were fabricated through a step-by-
step polymerization of PA solutions of defined compositions. Precursor solutions containing
the acrylamide:bisacrylamide (A:B) percentages of 4:0.2% or 12:0.6% were mixed with
0.5% Ammonium Persulphate (APS) and 0.05% Tetramethylethylenediamine (TEMED)
[22]. Red fluorescent carboxylate-modified beads of 200-nm diameter were added at 0.1%
concentration to the stiff PA precursor solution to identify the interface between dissimilar
ECM modules. Next, a volume of PA precursor solution sufficient to achieve a gel thickness
of 100um was dispensed on the coverslip and covered with a glass slide of defined size to
confine the spreading of the PA droplet in each module of the substrate. This step was
repeated for all three modules (Fig. 1A) to fabricate the entire modular PA (mPA) hydrogel
substrate. After polymerization, mPA gels were sterilized for 1 hour under UV light.
Subsequently, PA gels were treated with 0.5mg/ml of sulfosuccinimidyl 6-(4"-azido-2’-
nitrophenylamino) hexanoate (Sulfo-SANPAH) (Thermo Fisher Scientific) prepared in
50mM HEPES buffer (Santa Cruz Biotechnologies) and crosslinked to the mPA surface
upon activation with 365 nm UV for 10 minutes. After extensive washing with 50 mM
HEPES buffer, mPA gels incubated with 0.05 mg/ml of rat-tail collagen type | (Santa Cruz
Biotechnologies) overnight at 4°C.

Mechanical Characterization of PA Hydrogels

Atomic Force Microscopy (AFM) measurements of polyacrylamide gels were performed
using an MFP-3D-BIO atomic force microscope (Asylum Research, Santa Barbara, CA).
Olympus TR400PB AFM probes with an Au/Cr coated silicon nitride cantilever and
pyramidal tip were used, with spring constants ranging from 20-30 pN/nm, as measured by
thermal calibration. Force maps in square regions of 40 um edge length, with 169 points per
force map, were taken at equal spacing across the gels. Measurements were performed
across at least 4 mm length on each side of the interface dividing the primary and secondary
ECM regions, as shown in Fig. 1b. Elastic moduli were extracted from force curves using a
modified Hertz model [23].
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Cell Culture and Collective Migration Assay

Human mammary epithelial non-tumorigenic MCF10A cells were cultured in DMEM-F12
(GE Healthcare Life Sciences), supplemented with 5% horse serum (Invitrogen), 20 ng/mL
epidermal growth factor (EGF, Miltenyi Biotec Inc), 0.5 mg/mL hydrocortisone (Sigma-
Aldrich), 100 ng/mL cholera toxin (Sigma-Aldrich), 10 ug/mL insulin (Sigma-Aldrich), and
1% (v/v) penicillin-streptomycin (Sigma-Aldrich). Tumorigenic mammary epithelial MCF7
cells were grown in DMEM (Sigma-Aldrich) containing 10% fetal bovine serum (FBS), 1%
(v/v) penicillin-streptomycin (Sigma-Aldrich), and 1% non-essential amino acids (0.1mM).
Human epidermoid carcinoma A431 cells were grown in DMEM (Sigma-Aldrich)
containing 10% fetal bovine serum (FBS), 1% (v/v) penicillin-streptomycin (Sigma-
Aldrich), 1% sodium pyruvate (Sigma-Aldrich), 1% sodium bicarbonate (Sigma-Aldrich),
and 1% non-essential amino acids (0.1mM). A PDMS stencil was designed and fabricated
with a rectangular opening in the center, restricting the culture of epithelial monolayer
within the central module (primary ECM) of mPA substrate (Fig. 1A). PDMS stencils were
air-dried, cleaned with 70% ethanol, and sterilized under UV light for 2 hours. Afterwards,
stencils were passivated overnight, with a sterile solution of 1% Pluronic and 1% Bovine
serum albumin (BSA) in Phosphate buffered saline (PBS) to avoid cell adhesion, and
carefully positioned on the PA gels. Cell suspension with 2x104 cells was dispensed into the
PDMS reservoir covering the primary ECM region and left to grow for a prescribed duration
of priming (1, 2, or 3 days) at 37°C in a 5% CO, humidified incubator. After this incubation
period, the PDMS stencil was lifted off to allow cell sheet to migrate into the adjoining
secondary ECM. Additional media was added to each well.

For proliferation inhibition experiments, cells were treated with 2mM thymidine (Sigma-
Aldrich) after at least 6 hours of cell seeding, to allow adequate attachment of cells to the
substrate. For calcium chelation experiments, cells were incubated with 4mM of EGTA
(Sigma-Aldrich) after 3-day priming.

Live-cell Imaging

Time-lapse microscopy was initiated 2 hours after removing the PDMS and time-lapse
imaging was carried out in the phase contrast on an inverted microscope (Zeiss Cell
Observer) equipped with an incubator capable of maintaining an environment with 37°C
temperature and 5% CO, level. Images were acquired with a 10x objective. Two successive
images of the same field were taken at 20 minutes time interval. Motion of the leading edge
of the cell monolayer was manually tracked by recording the position of cell border using a
homemade macro in ImageJ. Subsequently, coordinates of the leading edge were imported
into a custom-made program in MATLAB and its advancement was calculated by averaging
the distance of each point on the leading edge from the primary-secondary ECM interface.
Leading edge speed was defined as the ratio of the leading edge advanced distance and the
time course of migration. For single cell migration analysis, individual movies were
imported to ImageJ software (National Institutes of Health), and single cell migration
trajectories were extracted using the Manual Tracking plugin. Cell migration tracks were
subsequently analyzed to obtain migration speed and velocity angle distribution. Migration
speed was calculated as a ratio between the sum of distances traveled by the cell between
each time point and the total time. For each time interval, we calculated the angle between
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instantaneous velocity vector and the x axis and plotted the angle distribution for the entire
migration tracking period.

Particle Image Velocimetry (PIV) and Monolayer Dynamics

PI1V analyses were performed to quantify spatiotemporal velocity distribution of velocity
magnitudes by implementing the PIVIab package in MATLAB [24]. To reduce the
systematic biases in subpixel resolution, we iteratively implemented PIV up to three passes
of 64, 32, and 16 pixel windows with 50% overlap between adjacent windows. Displacement
and velocity (displacement/time interval) vectors were calculated by comparing the
displacement of a window between two successive images. The velocity field was expressed
in pm/min. PIV analysis yielded two components of velocity at each point (/,), namely
lateral (¢ perpendicular to the direction of group migration) and axial (v;; along the
direction of group migration). After obtaining the velocity vectors, cell alignment and cell-
cell coordination were evaluated in terms of order parameter and correlation length [25]. The
order parameter was defined as the cosine of the angle that the velocity vector makes with
the principal direction of migration. This principle direction is the vector sum of all velocity
vectors analyzed in a given frame. The order parameter varies from +1 (for velocity vectors
parallel to the strip and directed along the direction of migration of the cell sheet) to -1 (for
vectors that are directed opposite to the direction of migration of the cell front) through 0
(for vectors aligning perpendicular to the direction of the monolayer migration). Correlation
lengths were calculated according to the method described earlier [25]. To demonstrate the
time evolution of monolayer motion, we plotted kymographs of velocity magnitude and
order parameter. After obtaining the velocity vectors for every pixel of the monolayer at a
given time instant, kymographs were computed by averaging the velocity magnitude and
order parameter of individual velocity vectors in x direction over the y coordinates in every
time point for time period of 12 hours after monolayer crossed the interface.

Immunofluorescence and Confocal Microscopy

After day 5, cells in the migration assay were rinsed with cold 1X PBS for 2—3 minutes and
fixed in 4% Paraformaldehyde (PFA) at room temperature (RT) for 10 minutes. After
washing again with PBS, cells were incubated with 1% bovine albumin serum (BSA) (EMD
millipore) overnight at 4°C. Next, cells were washed with PBS for 30 minutes, and
incubated in the primary antibody solution for yes-associated protein (YAP) (1:100; Santa
Cruz) or phosphorylated myosin light chain (pMLC) (1:100; Cell Signaling Technology)
prepared in 1% BSA, and stored overnight at 4°C. Samples were washed and incubated with
appropriately matched secondary antibodies (Invitrogen) for 1 hour at RT. After thoroughly
rinsing the substrates with PBS, DAPI (1:250; Santa Cruz Biotechnology) and Phalloidin
(1:200; Invitrogen) was added for 30 minutes at RT. Finally, substrates were rinsed again
with PBS and stored at 4°C before imaging. Images were recorded at RT using a laser-
scanning confocal microscope (Ziess LSM 730; Carl Ziess Microlmaging; Germany) at 20X
or 40X objective, and confocal stacks were acquired at 1 um interval. Image acquisition
parameters including laser intensity and exposure times were maintained at the same level to
ensure quantitative image analysis. Experiments were performed in triplicates, and the
images used for analysis were randomly selected from 10-15 fields of view for each
condition.
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Quantitative Image Analysis

Captured zstacks were imported to ImageJ (NIH) as LSM files, and the stacks were
projected with the maximum intensity setting. To quantify the subcellular YAP activity, the
mean fluorescence intensity of YAP was measured in the nucleus and the cytoplasm.
Afterwards, the nuclear-to-cytoplasmic ratio of YAP intensity was computed and plotted to
compare YAP localization across experimental conditions. At least 50 cells were randomly
selected for analysis from 10-15 field of views selected from three independent experiments.
To quantify pMLC intensity, the mean protein intensity per cell in a given region of interest
(ROI) was calculated after subtracting the background signal (corresponding to the intensity
of the negative control) from the total intensity in the z-stack (sum over all pixels of slices)
and normalized to the number of cells in the corresponding region. The number of cells in a
given ROI obtained by manually counting cell nuclei in the maximum projected DAPI
image. To compare between different experimental conditions, pMLC intensity per cell
values were normalized to the values obtained for cells cultured on control stiff substrates.
To analyze actin fiber orientation, the resulting z-projected image of phalloidin (sum over all
pixels of slices) for each cell was analyzed using OrientationJ algorithm in ImageJ. For each
cell, the degree of stress fiber alignment was calculated in terms of coherency within a
defined region of interest through ImageJ, which varies between 0, indicating isotropic
distribution, and 1, indicating highly aligned structures. Subsequently, the average fiber
alignment was obtained by normalizing to the fiber alignment value obtained for cells
cultured on stiff control substrates. The mean spreading areas of cells located at different
distances with respect to the leading edge on various substrates were measured using ImageJ
software by manually drawing the border of cell from phalloidin images and evaluating the
resulting cell areas. At least 40 cells were analyzed from three independent experiments for
each experimental condition. To measure the size of focal adhesions (FAs), confocal z-stack
images of paxillin staining were acquired. FA area was computed by outlining punctate focal
adhesions in binarized paxillin images and using the “Measure” tool in ImageJ to calculate
FA area. At least 15 cells were analyzed for each experimental condition.

shRNA Knockdown

To deplete YAP, the lentiviral pFLRu vector containing either Scramble (ShSCRM) or anti-
YAP shRNA (shYAP), and puromycin resistance was used. HEK293T cells were cultured in
DMEM (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 200 pM
L-glutamine (Cellgro), and penicillin-streptomycin. HEK293T cells were transfected with
lentiviral DNA using the TransIT LT1 transfection reagent per manufacturer protocol
(Mirus). Virus was harvested from 293T media 48 hours after transfection and used to
transduce MCF10A cells. Puromycin (Sigma-Aldrich) was used in cell selection and
maintenance at a concentration of 1.5 ug/mL.

Western Blotting
Cells were lysed in RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS) supplemented with 200 nM phenylmethylsulfonyl fluoride
(PMSF), 2 ug/ml aprotinin/leupeptin, 2 uM pepstatin A, 1 mM NazgVOy, and 2 mM NaF.
The lysates were cleared by centrifugation at 12,000 rpm at 4C for 10 min, and the
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concentrations were determined by Bradford assay (Bio-Rad). Equal amounts of protein
were boiled in SDS sample buffer for 10min, resolved by SDS 10%-PAGE, and transferred
to polyvinylidene difluoride (PVDF) membranes (Millipore) in transfer buffer (25 mM Tris,
192 mM glycine, 5% methanol). The membranes were blocked with TBST (25 mM Tris, pH
7.4, 150 mM NaCl, 2 mM KCI, 0.5% Tween 20) containing 5% skim milk powder or bovine
serum albumin (BSA) and probed overnight with the indicated primary antibodies. Bound
antibodies were detected by horseradish peroxidase (HRP)-conjugated secondary antibodies
and developed with SuperSignal West Pico and/or West Femto enhanced chemiluminescence
(ECL) (Pierce). Images were collected on a Bio-Rad ChemiDoc XRS+ and analyzed using
ImageJ software (NIH). The following antibodies were used: rabbit anti- YAP/TAZ (Cell
Signaling Technology, D24E4, mAb #8418; 1:1000), mouse anti-Actin (Sigma, A5316;
1:25,000).

Statistical Analysis

Results

Unless specified otherwise, results are reported as the mean + Standard Error (SE). To
identify the significant differences between two experimental conditions, an ~test was
performed to determine whether equal variance could be assumed. Next, Student’s #test was
used to determine significant differences between two groups. All statistical analyses were
performed using the Data Analysis toolbox in Microsoft Excel. Differences were considered
to be significant for P<0.05.

Fabrication of dual-stiffness contiguous substrates

To prime epithelial cells on a given ECM and track their subsequent collective migration
onto an adjoining ECM of dissimilar stiffness, we fabricated a modular-PA (mPA) hydrogel
substrate through step-by-step polymerization of two different PA compositions [22] (Fig.
1a). Through AFM-based mechanical characterization of these gels, as done previously [3,
23], we found that the soft and stiff regions have corresponding Young’s moduli of
approximately 0.5 and 50 kPa, respectively (Fig. 1b). These measurements also verified that
the ECM stiffness in the primary and secondary ECM regions varied in a step manner, as
intended. These stiffness values are not chosen to match any specific tissue context; rather,
this range is designed to explore the biophysical effects of cellular priming across a steep
change in matrix stiffness. Next, we designed a PDMS stencil for culturing an epithelial
monolayer restricted within the central section of the mPA gel, which we will refer to as the
‘primary’ ECM. After priming the cell colony on the primary ECM for a prescribed
duration, the PDMS stencil was removed to enable collective migration of the cell sheet into
the surrounding ‘secondary’ ECM of independently defined stiffness. We verified that the
coating of collagen | on the PA gel did not vary with stiffness or the removal or PDMS
stencil (Fig. S1). In this system, epithelial cells seamlessly move across a contiguous
substrate composed of mechanically distinct regions, whose stiffness can be tuned over two
orders of magnitude. Thus, we are able to study the effect of past ECM stiffness on future
cell behavior without having to detach and re-culture cells on a new substrate. Comparison
of cell behavior on a given secondary ECM with respect to varying priming ECM stiffness
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would reveal whether migratory epithelial cells store mechanical memory of their past
mechano-regulated state.

Leading edge migration depends on the past ECM stiffness

To assess the effect of past ECM stiffness on collective cell migration, we cultured MCF10A
human mammary epithelial cells on primary ECM stiffness () for 3 days and then allowed
the cells to migrate onto a secondary ECM (stiffness ‘' S?). We performed time-lapse
microscopy for an additional 2 days, i.e., between days 4-5 from the time of initial culture,
and manually traced the leading edge over time, as illustrated in Fig. 2a. On substrates with
homogeneous stiffness (P=5), the average leading edge migration on stiff ECM (50 kPa) was
30um/h, which was three times higher than its value on the soft ECM (0.5 kPa) (Fig. 2b).
This stiffness-dependent collective cell migration speed is consistent with previous studies
[6, 7]. When the cell monolayer was first primed on a stiff primary ECM (P=50 kPa), the
leading edge migration speed measured on the adjacent soft secondary ECM was ~2.5 times
higher than the control case of homogeneously soft ECM (Fig. 2b). This enhanced leading
edge migration could be attributed to the stiffness-dependent mechano-activated state of
cells attained due to stiff priming, which we define as the mechanical memory of
collectively migrating cells. We also found that the soft-primed cells migrated ~40% slower
than those primed on a stiff ECM (Fig. 2b).

To test whether the duration of priming on the primary ECM influenced the memory-
dependent migration, we measured migration speed after priming for 1 or 2 days. We found
that the influence of the primary ECM stiffness reduced with shorter priming duration (Fig.
2¢). Given that longer priming led to more pronounced mechanical memory-dependent
collective migration, all results presented in this manuscript will correspond to a 3-day
priming regimen, followed by 2 days of migration on the secondary ECM. All
measurements are conducted on the secondary ECM, unless specified otherwise.

We also measured leading-edge migration speed for MCF7 breast cancer cells and A431
human epidermoid carcinoma cells. While MCF7s were slower and A431s were faster
compared to MCF10As, both of them exhibited robust mechanical memory-dependent
migration (Figs. 2b, S2).

Stiffer primary ECM predicts more correlated cell migration

Using particle image velocimetry (P1V) analysis of phase contrast images of the migrating
cell sheet over time [24], we examined cellular motions within the epithelial monolayer (Fig.
3a). After arriving on a soft secondary ECM, stiff-priming led to high velocity magnitudes
of the leading-edge cells, as compared to the soft primary ECM. Conversely, soft-priming
significantly reduced the cell velocities. We noted that cells behind the leading edge had
lower velocity magnitudes in all cases. By plotting single cell trajectories over a 12 hour
period, we confirmed faster velocities of cells at the leading edge compared to the ones
within the monolayer (Fig. S3).

We found that the correlation length, defined as the distance of correlation among velocity
vectors of neighboring cells [25], for cells migrating on a homogeneously stiff ECM was
~0.25 mm, which is ~25% higher than its value measured on a purely soft ECM (Fig. 3c).
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Thus, higher ECM stiffness enables larger portions of the cell sheet to migrate in a
coordinated fashion, which is consistent with previous findings [6]. The stiff-primed cells
migrated on a soft secondary ECM with ~0.25mm correlation length, the same as the value
measured on a homogeneously stiff ECM. In comparison, soft-primed cells migrated with a
lower correlation length of ~0.2mm on a stiff secondary ECM. The order parameter of the
collective migration, defined as the angle between the velocity vectors and the direction of
leading edge migration, on a homogeneously stiff ECM was more than twice its value on a
soft ECM (Figs. 3d, S4), indicating a more ordered collective migration on stiffer ECM [6].
The order parameter of stiff-primed cells remained high (~0.6) on the soft secondary ECM.
To assess the temporal progression of collective cell motility onto the secondary ECM, we
selected four representative videos of collective cell migration for each condition and plotted
how a column of cells traversed over a 12 h period (Fig. 3b). Cells maintained their velocity
magnitudes and order parameter over time, i.e., pixel intensities rarely varied over this 12 h
period and distance (Fig. 3b).

To further expand the temporal variation of migration speed across numerous samples, we
averaged leading-edge migration speed at given time points and plotted these values over 4
days of migration after the 3-day priming (Fig. 3e). We found that the stiff-primed
monolayers maintained at least ~2 times higher speed on a soft secondary ECM (compared
to purely soft ECM) for at least 3 days. This memory-based advantage in the migration
speed of stiff-primed cells started to subside afterwards (Fig. 3e). Thus, the presented effects
of mechanical memory correspond to a phenotype maintenance within a temporal boundary,
which is measured here as 3 days of collective migration in the secondary ECM.

Higher actin/pMLC expression and adhesions due to stiffer priming

Since cell-ECM adhesions and actomyosin machinery are crucial for generating forces and
driving cell motility [3, 6, 26], we examined whether their subcellular expressions within
individual cells near the leading-edge of the monolayer depend on the priming stiffness. To
this end, we stained and imaged for F-actin and phosphorylated myosin light chain (pMLC)
in cells after their migration across the secondary ECM. We found that actin fiber alignment
(from phalloidin images), pMLC expression, and number of focal adhesion (FAs) (paxillin
images) in cells on homogeneously stiff ECM were significantly higher than their average
values measured on a soft ECM (Fig. 4, S5). After stiff-priming, cells on a soft ECM
exhibited larger FAs (~4 times), pMLC expression (~2.5 times) and actin alignment (~1.6
times) compared to the control case of homogeneously soft ECM (Fig. 4b—d). These results
indicated that stiff-priming allowed the cells to maintain enhanced actomyosin machinery
even after their traversal onto a soft secondary ECM. Conversely, the actin alignment and
pMLC expression were reduced significantly after soft-priming.

To examine whether stiffness-sensitive cell spreading in the primary ECM could influence
the leading-edge migration, we calculated cell areas across the monolayer. Notably, in all
four matrix conditions, cell spreading reduced with distance from the leading edge, which
led to a stiffness-insensitive spreading in the rear part of the monolayer (Fig. 4e) and
priming-dependent spreading near the leading-edge. Thus, cell spreading in the primary
region cannot influence the leading-edge migration computed in the secondary region.
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Alternate hypotheses for memory-dependent migration due to cell proliferation and signal
transmission

Although the results in Figs. 1-4 clearly show the influence of past ECM stiffness on
cellular features in the secondary ECM, we examined several alternative hypotheses other
than the proposed ‘memory-storing’ abilities of migratory epithelial cells can explain the
observed behavior. First, we asked whether mechano-sensitive cell proliferation due to the
stiffer primary ECM in the rear of the monolayer could influence leading edge migration.
After inhibiting cell proliferation (thymidine treatment; see Methods and Fig. S6), cell
migration speeds increased due to increased spreading, yet the trend of mechanical memory-
dependent migration held true (Fig. 5a-b). In some conditions, we observed higher
migration speed after proliferation inhibition, which may be attributed to increased cell
spreading (Fig. 5¢).

Second, to attenuate inter-cellular force transmission, we repeated migration measurements
in the presence of a calcium chelator (4mM EGTA), as used previously for this purpose [27,
28], which disrupts cell-cell communication (as shown through E-cadherin images in Fig.
5f). As a result, some cells break away from the monolayer. Overall, we found that the
memory-dependent migration of the leading edge was preserved despite the loss of cell-cell
communication (Fig. 5d—e).

Finally, to eliminate any possible communication between the primary and secondary
regions, we physically removed the entire primary region along with the attached cells
before measuring migration in the secondary ECM (1 day after complete priming). We
found that the memory-dependent migration persisted in this system (Fig. 5g-h). These
results, along with the ones presented above, confirm that the memory-dependent migration
observed in the secondary ECM is independent of a direct communication with the primary
ECM. Instead, the priming-dependent signals are likely stored within the cells and continue
to dictate collective migration in the future.

Migratory cells store mechanical memory of past ECM stiffness through YAP activity

The observed memory-dependent collective cell migration indicates that the priming-
dependent mechano-regulated state of cells may persist onto the new ECM. Given that
nuclear translocation of YAP has been identified as a sensor of ECM stiffness [17, 29, 30],
we determined YAP subcellular localization within MCF10A cells as they migrated across
ECMs of dissimilar stiffness. We quantified the nuclear-to-cytoplasmic ratio of YAP
fluorescent intensity in at least 40 cells from multiple fields. Consistent with previous
findings (19), YAP expression was predominantly nuclear on homogeneously stiff ECM and
cytoplasmic on homogeneously soft ECM (Fig. 6). However, nuclear YAP localization of
stiff-primed cells when measured in soft secondary ECM was more than four times its value
on homogeneously soft ECM (Fig. 6b). Thus, nuclear accumulation of YAP due to the stiffer
past ECM persisted even after the cells migrated onto the adjoining softer region.
Conversely, soft-primed cells on stiff secondary ECM showed less than 1/3 nuclear YAP,
compared to the homogeneously stiff ECM (Fig. 6¢). We repeated these measurements in
MCF7 and A431 cells (Figs. 6b—c, S7) and found that both of these cancer cell lines
followed a similar dependence of subcellular YAP localization on the past matrix stiffness.
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Thus, cellular mechano-sensation of ECM stiffness through subcellular YAP localization
could be a key mechanism for storing mechanical memory in migratory cells.

Inhibition of mechanical memory-based cell migration through YAP depletion

To further examine whether YAP activity is a requirement for memory-dependent migration,
we performed shRNA-mediated depletion of YAP in MCF10A cells (YAP-KD) (Fig. 7b), as
described previously [18, 31]. We found that the leading-edge migration speed of stiff-
primed YAP-KD cells was ~15um/h on a soft secondary ECM, which was similar to the
control case of homogeneously soft ECM (Fig. 7a,c). Even after priming on a soft ECM,
YAP-KD cells migrated fast (~30um/h) on a stiff secondary ECM, matching with the control
case of a homogeneously stiff ECM. Thus, after YAP depletion, cells were unable to exploit
prior priming. Notably, the YAP-depleted cells on homogeneously stiff ECM were almost
twice as fast compared to those on homogeneously soft ECM (Fig. 7a,c). Through PIV
analysis of cellular motions within the monolayer, we also found that the cells within the
monolayer migrated in a memory-independent manner, with greater correlation and in a
more ordered fashion on a stiffer ECM regardless of the primary ECM stiffness (Figs. 7d-e,
S8).

Given that YAP is a classic mechano-sensor [17], the observed ECM stiffness-dependent
migration of YAP-depleted cells was unexpected. To understand the potential mechanism
through which these YAP-KD cells continue to sense their immediate matrix stiffness, we
imaged for focal adhesions because they directly connect the cells to the matrix. Indeed, we
found that the average FA size of YAP-KD cells on stiff secondary ECM was more than 5
times higher compared to the values on the soft secondary ECM, regardless of primary ECM
stiffness (Fig. 7a,h). We also found similar mechanosensitive but memory-independent
trends for actin fiber alignment, and pMLC expression (Fig. 7a,f,g, S9). These results
demonstrate that YAP-KD cells are unable store a mechanical memory of past stiffness due
to hampered YAP activity, but continue to sense the immediate matrix stiffness through focal
adhesions.

Discussion

Plasticity in motile cells is manifested by variable modes of migration depending on the
surrounding microenvironment [32]. In particular, cancer cells are uniquely equipped to
exploit their plasticity to drive tumor invasion through distinct tissues. It has recently been
identified that human mesenchymal stem cells store memory of their past exposure to matrix
stiffness [19]. However, in migratory cells, it has remained a mystery whether their
mechanics-regulated state persists even after they move to a new environment. If the
mechanical properties of the tumor microenvironment are found to mechanically “train” the
escaping cells, impacting their future ability to metastasize, this could be a critical missing
piece of the puzzling unpredictability of cancer adaptation. To address this important gap in
our understanding, we asked whether collectively migrating cells retain a mechanical
memory of their past ECM stiffness. Through measurements of collective cell migration
across dual-stiffness substrates, we show that priming of an epithelial cell colony on a stiff
ECM enhances its future collective migration even on a soft ECM. We also show that the
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enhanced migration of stiff-primed cells on soft ECM is not caused by the mechanosensitive
differences in cell spreading, proliferation, or other mechanical signaling transmitted from
the back of the monolayer. Indeed, when the cell colony was only primed for one day, the
stiff primary ECM in the back was not able to enhance migration of cells on the soft
secondary ECM. Thus, the memory-dependent cell migration is orchestrated by preserving
the priming-enabled mechano-activated state of the cells onto the secondary ECM. We found
that less than 2 days of priming of cells on the primary ECM showed a substantially reduced
mechanical memory-based migration. It is likely that the cells require 2-3 days to respond to
matrix stiffness and accordingly localize YAP (nuclear or cytoplasmic). Indeed, our
measurements of nuclear YAP localization within cells of a monolayer cultured on the stiff
PA gel (50 kPa) at different time points reveal that YAP activation continues to rise over 3
days (Fig. S10). Furthermore, this time-sensitive storage of YAP-dependent memory within
the cells might require a transcriptional program, which is consistent with previous studies
on mechanical-memory dependent responses of stem cells [19].

Given that YAP is a classic transducer of ECM [17] and its known role in storing memory in
stem cells [19], we measured its ability to retain information of past ECM stiffness in
collectively migrating cells. We found that the stiffer priming predicted higher nuclear YAP
localization — a sign of persistent mechano-regulated YAP activity. After YAP depletion, cell
migration did not depend on past matrix stiffness, i.e., the mechanical memory was
significantly diminished in these cells. According to our data, the YAP-depletion blunts
mechanical memory without a significant loss of cellular mechanosensitivity to the
immediate matrix stiffness.

Our results point to a conceptual framework of mechanical memory-dependent cell
migration in which migration-related cellular forces may be independently influenced by
two factors (Fig. 8). First, the priming-dependent YAP activity directly regulates actomyosin
forces and migration (results from Figs. 4,6). In cancer associated fibroblasts (CAFs), YAP
activation has been shown to enhance and maintain a positive feedback loop with
actomyosin contractility [4]. Similarly, fluid shear-dependent YAP activation has been
shown to enhance protrusions required for migration [33]. Second, cells are able to sense
immediate matrix stiffness through adhesions, despite YAP depletion (results from Fig. 7).
Previously, we have shown that YAP-depleted CAFs maintain the mechano-sensitive
SNAIL1 protein level [18], which indicates that the cells are able to adopt alternate YAP-
independent pathways for sensing matrix stiffness.

In summary, our findings of the mechanical memory in migratory cells expand the basic
understanding of cellular mechanotransduction, beyond the current framework of studying
cell migration in the context of only the immediate microenvironment. The insight that
stiffness of the past ECM can influence future collective migration opens the door to new
hypotheses for a wide array of biological processes, wherever microenvironment-dependent
cell motility plays a role, such as morphogenesis, wound healing, and cancer cell invasion.
Given that our experiments were conducted with immortalized epithelial cells, the presented
conclusions may not be directly applicable for mesenchymal-like cells /n vivo. Furthermore,
since our measurements were performed in an idealized model system of a homogeneous
cell monolayer in contact with a 2D substrate, the conclusions drawn here may not be
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directly applicable for /n vivo conditions of 3D microenvironments and heterogeneous cell
populations. The knowledge of memory-storing abilities of invasive cancer cells and
associated signaling targets may open new avenues for therapeutics and predictive modeling
by exploiting their dependency on the primary tumor microenvironment and tuning their
ability to adapt to foreign tissue environments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Contiguous substrate with regions of dissimilar stiffness
(a) Schematic describing the fabrication steps of mPA substrates of heterogeneous stiffness

through modular polymerization of PA solutions of distinct compositions, resulting in
dissimilar ECM stiffness in adjoining primary and secondary regions. (b) Atomic Force
Microscopy (AFM) measurements of Young’s Modulus of PA gels plotted in logarithmic
scale at different locations within a substrate with dissimilar primary and secondary ECM
regions. Stiffness values are averaged over 1mm length intervals and plotted along with
scattered data points and error bars (SEM). N>150. Data is included from at least 3 different
PA gels, in which the left side was intended to be stiff (acrylamide/bisacrylamide=12/0.6%)
and right side as soft (acrylamide/bisacrylamide=4/0.2%) matrix.
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Figure 2. Collective cell migration speed depends on priming by the past ECM stiffness
(a) Representative leading-edge tracks of monolayers of MCF10A cells recorded for 12

hours (3 h interval) in the secondary ECM after 3-day priming, with color-coding for
migration speed. Arrows indicate direction of migration. Scale bar = 100 um. (b) Average
leading-edge migration speed for MCF10A, A431, and MCF7 cells migrating on secondary
ECM (S=0.5, 50 kPa) after defined priming (P=0.5, 50 kPa). Horizontal square brackets
denote statistical significance (p<0.05). N>15. (c) Average leading-edge migration speed for
MCF10A cells after 1, 2, or 3 days of priming. *p3<30.05, with horizontal square brackets
denoting statistical significance (p<0.05). ns=no significant difference. Error bars = SEM.

N>10.
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Figure 3. Monolayer dynamics and temporal variation of memory-dependent migration
(a) Heatmap showing the spatial distribution of velocity magnitude at a given time instant

for MCF10A cell monolayer migration. (b) Position-time kymographs of velocity magnitude
and order parameter obtained from PIV analysis demonstrate the time evolution of
monolayer motion. Kymographs were computed by averaging the velocity magnitude and
order parameter of individual velocity vectors in the x-direction over the y-coordinate for
every time point. Average (c) correlation length and (d) order parameter of the velocity
vectors. Horizontal square brackets denote statistical significance (p<0.05). N>15. (e) Plot
describes the leading-edge migration speed over time, tracked for 96 h in secondary ECM
after 3-day priming of cell monolayer. All bar plots are averaged over quantities measured in
the first 48h of migration (depicted by the shaded region), which corresponds to the period
of maximal memory. N>10. Error bars = SEM.
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Figure 4. Cytoskeletal machinery in memory-dependent migration

(a) Immunofluorescent staining of pMLC (green), F-actin (phalloidin, red), and DAPI (blue)
in top-panel and paxillin (red) and DAPI (blue) in bottom-panel for MCF10A cell
monolayers on the secondary ECM after 2 days of migration (post-priming). Scale bar = 100
pum. Quantification of (b) actin fiber alignment, (c) normalized pMLC expression, and (d)
FA area. N>40. (e) Variation of spreading area of single cells within the MCF10A cell
monolayer relative to the distance from the leading edge showing stiffness-independent cell
spreading in the primary ECM. N>25. Error bars = SEM.
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Figure 5. Memory-dependent migration is not regulated by proliferation or long-distance signal
transmission

Representative leading-edge tracks of monolayers of MCF10A cells after treatment with (a)
2mM thymidine, a proliferation inhibitor, and (d) 4mM EGTA, a calcium chelator, recorded
for 12 hours (3 h interval) in the secondary ECM, with color-coding for migration speed.
Arrows indicate direction of migration. (b) Average leading edge migration speed for
proliferation-inhibited cells. Columns with dashed outline represent the migration speed for
control untreated MCF10A cells. N>15. (c) Average spreading area of individual cells in the
secondary ECM with and without proliferation inhibition. N>30. (e) Average leading edge
migration speed for EGTA-treated cells. N>15. (f) Immunofluorescent staining for E-
cadherin (green) and DAPI (blue) in untreated and EGTA-treated MCF10A cells showing
dysfunctional cell-cell junctions after EGTA treatment. Scale bars = 100 um. (g) After 3-day
priming and additional 1 day of migration in the secondary ECM, the primary ECM region
is entirely removed. Leading-edge migration speed in the secondary ECM (right panel)
shows preservation of memory-dependent migration despite a complete loss of
communication with the primary region. N>15. Horizontal brackets denote statistical
significance, p<0.05. Error bars = SEM.
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Figure 6. YAP activity depends on past ECM stiffness
(a) Immunofluorescent staining of MCF10A cells for YAP (green) and DAPI

S=50kPa

0.5

(blue)

illustrating the subcellular localization of YAP for the monolayer migrating on secondary
ECM, after priming. Scale bar = 50 um. (b,c) Average nuclear-to-cytoplasmic ratio of the

YAP fluorescent intensity for MCF10A, MCF7, and A431 cells within the

monolayer. "p3<30.05 with respect to control ECMs of homogeneous stiffness. Error bars =

SEM. N>40.
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Figure 7. Memory-independent collective migration of YAP-depleted MCF10A cells
(a) Leading edge tracks of monolayer of YAP-depleted MCF10A cells are plotted at 3 h

interval during their post-priming migration on secondary ECMs. Immunofluorescent
staining for F-actin (red), pMLC (green), paxillin (red), and DAPI (blue). Scale bars = 100
pum. (b) MCF10A cells expressing either shsSCRM (wt) or shYAP RNAI were lysed and
subjected to Western blotting with anti-YAP and anti-Actin antibodies. Average (c) leading
edge migration speed, (d) correlation length, and (e) order parameter, N>15, and normalized
(f) pMLC expression and (g) actin alignment, N>40, and (h) FA area, N>20, for varying
ECM configurations. Columns with dashed outline represent corresponding values for
wildtype MCF10A cells. Horizontal brackets denote statistical significance (p<0.05). ns=no
significant difference. Error bars = SEM.
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Figure 8. Conceptual framework for memory regulation
(a) Priming-dependent YAP activity regulates cellular forces and dictates the memory-

dependent migration. (b) YAP-depletion abrogates memory, but direct FA-mediated contact
with the immediate ECM preserve mechano-sensitivity.
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