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Filopodia have a key role in sensing both chemical and mechanical
cues in surrounding extracellular matrix (ECM). However, quantitative
understanding is still missing in the filopodial mechanosensing of local
ECM stiffness, resulting from dynamic interactions between filopodia
and the surrounding 3D ECM fibers. Here we present a method for
characterizing the stiffness of ECM that is sensed by filopodia based
on the theory of elasticity and discrete ECM fiber. We have applied
this method to a filopodial mechanosensing model for predicting
directed cell migration toward stiffer ECM. This model provides us
with a distribution of force and displacement as well as their time rate
of changes near the tip of a filopodium when it is bound to the
surrounding ECM fibers. Aggregating these effects in each local region
of 3D ECM, we express the local ECM stiffness sensed by the cell and
explain polarity in the cellular durotaxis mechanism.

filopodia | mechanosensing | ECM | durotaxis | computational modeling

Cellular mechanosensing plays a crucial role in tumor growth
and cancer invasion since cancer cells invade and metastasize
more aggressively for stiffer surrounding extracellular matrix (ECM)
(1). For example, the promotion of the malignant progression of
breast tumors is related to an elevated level of mechanosensing
proteins in the stiffest ECM (2). Cellular mechanosensing in the
surrounding ECM also influences many cellular functions such as
cell spreading (3, 4), cell migration (5), and stem cell differentiation
(6, 7). During cell migration, cells sense the direction and magnitude
of complex cues and exhibit multifaceted responses, such as che-
motaxis, haptotaxis, and durotaxis responses in the 3D extracellular
environment. Durotaxis can be described as a form of cell migration
in which the cell is guided by an ECM-rigidity gradient (5) and is
thought to be critical to epithelial-to-mesenchymal transition (8) and
cancer metastasis (9). Examining how cells sense the stiffness and
how they preferentially polarize toward stiffer direction within the
surrounding ECM will provide valuable insights into the intricacies
of tumor growth and cancer invasion.

It has been found that the formation of long and abundant filo-
podia is a characteristic of invasive cancer cells (10, 11). Filopodia
are finger-like actin-rich plasma membrane protrusions that are
linked to enhancement of directed cell migration (12). Filopodia play
two critical roles in interacting with the ECM: (i) As sensors they
probe the environment (12) and detect chemotactic (13), durotactic
(14), and haptotactic (15) cues, and (ii) as actuators they bind to
ECM fibers and generate traction forces with actin-myosin ma-
chinery (16, 17). In particular, filopodial mechanosensing occurs
during the retractile or contractile phase in which the retrograde flow
of F-actin is driven by myosin II contractile motion (18). Accord-
ingly, ECM-rigidity—regulated traction fluctuation in focal adhesions
(19) was demonstrated in neuronal growth cones. Distinct behaviors
of filopodia dynamics at hard and soft ECMs were explained using a
stochastic model based on a motor-clutch mechanism at the filo-
podial shaft (20). The model predicts that the retrograde flow rate of
F-actin in the filopodial shaft increases and filopodial traction force
decreases with increasing the stiffness of the substrate.

Local ECM rigidity can dynamically vary over time during
tumor growth and cancer invasion, since cancer cells cleave the
ECM by secreting a group of matrix metalloproteinases (MMPs)

E390-E399 | PNAS | Published online January 2, 2018

to degrade the surrounding ECM. Thus, durotaxis requires filo-
podia to continuously sample and measure temporal variations of
local ECM stiffness (19).

Previously, many modeling approaches have provided insights
into the mechanism of durotaxis in cell migration. Such ap-
proaches include a simple cell model by considering the contrac-
tion of F-actin bundles containing myosin motors mediated by the
movement of adhesions (21), an agent-based model with de-
formable cells and ECM fibers to explain matrix remodeling and
durotaxis (22), a 3D numerical model of single-cell migration in-
corporating the mechanosensing process of the cell as the main
mechanism regulating its movement (23), a 3D finite-element
model of cell migration by extending pseudopodia as sensors on
a 2D substrate (24), and a hybrid cellular Potts and finite-element
computational model of collective cell migration with mechanical
cell-substrate coupling (25). While providing many new insights,
these previous models simplified cellular mechanosensing by
considering the migration (i) only on 2D substrates or (ii) within a
3D material but modeled as a continuum without considering the
discrete nature of ECM fibers. Consequently, those prior models
needed to invoke certain assumptions about the detailed inter-
actions between filopodia and the matrix fibers regarding how
these interactions enable stiffness sensing.

A migrating cell probes the stiffness of ECM through filopodia
interactions with the surrounding 3D network of ECM fibers.
Here we present two methods for characterizing and measuring
the stiffness of ECM that is sensed by filopodia; one is based on
the theory of elasticity (26), and the other is derived from the
elastic energy of discrete ECM fibers. In the existing literature,
there is a gap between the ECM stiffness as a mechanical property
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and that of durotaxis sensed by filopodia penetrating into the 3D
ECM. In continuum mechanics, local stiffness is direction de-
pendent, and therefore it is a tensor. In contrast, a migrating cell
does not probe the whole tensor quantity, but senses an effective
stiffness by extending and contracting or retracting its filopodia in
the 3D mesh of matrix filaments of the ECM. The cellular dur-
otaxis mechanism hinges on this “sensed” stiffness through filo-
podia—ECM interactions. The objective of the present work is to
better analyze the stiffness sensed by a cell during durotaxis based
on 3D filopodia-ECM interactions. A detailed computational
model has recently been made available for predicting dynamics of
filopodia interacting with a 3D ECM fiber network (16). In this
model each filopodium experiences dynamic changes of forces due
to binding and rupture of integrin-ligand clusters, as the filopo-
dium cycles through extension and contraction phases. Here we
obtained an aggregate force-displacement relationship in each local
region of 3D ECM. Furthermore, we have conducted experiments
of filopodia—ECM interactions, using fluorescent beads for ob-
serving ECM deformation. Integrating theoretical model and ex-
perimental data, we have obtained a formula for estimating the
effective total force at the tip of each filopodium and displacements
of the surrounding ECM fibers, from which the local sensed stiff-
ness is derived. Using this sensed stiffness, the direction of stiffer
ECM is determined, and the polarity of cell migration is explained
as the mechanism to follow the direction of sensed stiffer ECM.

This report on a 3D durotactic migration model predicts the
guided cell migration based on filopodial mechanosensing of
local effective stiffness of cross-linked ECM fibers that are
sensed and degraded by the cell.

Results

Filopodia Dynamics and Discrete ECM Mechanics. The directed cell
migration toward stiffer ECM is a multifaceted process where at
least four dynamic mechanisms are coupled: (i) intracellular dy-
namics, (ii) dynamics of filopodia penetrating into 3D ECM,
(iit) mechanics of the discrete ECM fiber network, and (i) reaction—
diffusion mass transfer over ECM (SI Appendix, Method S1 and
Figs. S1-S4). Among others, dynamic behaviors of filopodia and
their interactions with discrete ECM fibers (collagen type 1) are
complex, but can be predicted with a computational model based
on a few assumptions and observations: (i) The discrete ECM
fiber network is composed of viscoelastic ECM fibers [diameter of
41 nm (27) and modulus of 1 MPa (16)] and cross-links, and (i)
filopodia penetration dynamics into 3D ECM consist of four dif-
ferent phases of actions: an outgrowing phase driven by protrusive
actin polymerization, a retractile or contractile phase due to
motor activity of actin—myosin assemblies along the shaft of filo-
podia, and a tugging phase due to the attachment of a filopodial
tip to nearby ECM fibers (16). Of particular importance is the
tugging phase, where each filopodium is tethered to the ECM with
multiple focal complexes (FCs) (Fig. 14) (28). Depending on the
strength and spatiotemporal properties of the FC formation,
the bond of FCs at the filopodial tip either ruptures or results in
the generation of a significant traction force. This phase plays a
critical role in coordinating and switching among the diverse
phases of filopodia actions, leading to either success or failure of
cell migration depending on local ECM conditions.

Mechanosensing at the Filopodial Tip. We aim to obtain the local
ECM stiffness sensed by a cell through filopodial interactions with
ECM fibers. The filopodia simulation described above produces
time profiles of ECM fiber movements at their nodes and the
force between the nodes and the filopodial tip (Fig. 1). We in-
troduce two expressions for calculating the effective local stiffness
E* and k7 from these data, respectively. First, using a mathemat-
ical theory of elasticity (SI Appendix, Method S2) (26), we can find
that E* is proportional to the rate of traction force with time

(H%H) at a filopodial tip (29) and inversely proportional to a total
speed of displacement (V) at the node on ECM fibers. The total
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Fig. 1. Mechanosensing at the filopodial tip. (A) Schematic of directed cell mi-
gration toward stiffer local ECM among (a) tensioned stiff ECM, (b) relaxed stiff
ECM, (c) relaxed soft ECM, and (d) tensioned soft ECM. (B) A magnified view of A,
a showing mathematical descriptions of mechanosensing at the filopodial tip.
{xm|lme{1,..,8}} is a coordinate of the mth ECM fiber node, and {& |k €{1,2}}
is a coordinate of the kth FC at the filopodial tip. Note {x,| me{1,..,4}} and
{Xm| me {5, ..,8}} directly interact with & and &,, respectively. Blue-colored In-
sets a and b show magnified views of a and b in B, respectively. For example, in
Inset a, a blue arrow indicates a velocity vector (v,) of displacement at the second
ECM fiber node, and a total speed (vi12; green arrow) has two orthogonal
components of an axial speed (v - n12) and a transverse speed (43(1:4:) [[v2xniz]]).
(€) A schematic showing temporal variation in the direction of cellular polarity
from d;,o, to d;,’;} toward the direction of stiffer local ECM (d ;). Here superscripts
iand i+ 1 indicate time points of t and t + At, respectively.

speed v, is defined as a vector summation of the two velocity
components at the node, and is given by

vt=\/(v-n)2+

where v is Poisson’s ratio [taken as 0.5 (30)], v is a velocity vector
of displacement at the node on ECM fibers, n is a unit vector in
the direction of (x—&), (v-n) is defined as an axial speed of
displacement along the parallel direction of (x—§), and
Hﬂvxnﬂ is defined as a transverse speed of displacement
along the orthogonal direction of (x—§) (Fig. 1B, Inset).

Thereby, the equation for calculating E* can be expressed as

16(1-v)*

Crmeiedl -

(1+v)
2rrv,

. ||laF
E*= HE [2]
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Second, using the elastic energy of discrete ECM fibers (SI Ap-
pendix, Method S3), we can find that kf is also proportional to

(H ||) at a filopodial tip (29) and inversely proportional to a

total speed of displacement of the fiber (V;) at the node on the
ECM fiber, and the equation for calculating k; can be expressed as

t=[al .

where v{ is defined as a vector summation of the two velocity
components at the fiber and is given by

o (o) )+ (458 o9

where vf and vj’; are velocity vectors of two end nodes at the fiber,
and L and L’ are lengths of unstressed and stressed fiber, re-
spectwely n i 1s a unit vector in the direction of fiber orientation.

As shown in Fig. 1B, there are a finite number of neighboring
nodes (M) in the Vicinity of a filopodial tip which has a finite
number of FCs (K). Vectors x,, and v,,, respectively, indicate a
coordinate and velocity vector of displacement at the mth node
of ECM fibers, which are obtained through the simulation of
filopodia dynamics and discrete ECM mechanics at time points
of t. Using these in Eq. 1 we can obtain the mth total speed

(Vt,k,m = \/(vm . nk,m)z + 1(63 &)

unit vector in the direction of (x,, — &), and &, is a coordinate of the
kth FC (Fig. 1B). The effective local stiffness can be given by aggre-
gating these data of all of the nodes of ECM fibers within the pore size
of ECM which associate with all of the FCs on the filopodial tip.
Using a least-squares estimate (SI Appendix, Method S2), it is given by

[4]

vaxnka , where ny,, is a

é{n £l 3% i i)

k m=
2” = A [5]
Z Z (rk,m Vt,k,m)
k=1 m=1
where ||| is the rate of traction force with time at the kth FC

on the filopodial tip, and 7y, = ||x,, — &||. Similarly, using a least-
squares estimate (SI Appendix, Method S3), the effective local
stiffness of ECM fibers, kf, is given by

5 141, 3 i

GeE
£l (&)

Note that the effective local stiffness in Eq. 5 and the effective
local stiffness of ECM fibers in Eq. 6 are based on the force and
displacement data that the cell experiences by probing around
the ECM fibers with the filopodia. We call E” and k the effective
cell-probed stiffnesses (CPSs), using approaches of continuum
and discrete fiber in the present work, respectively.

Based on the effective CPS at the filopodial tip, the cell de-
termines the direction of migration (or polarization direction).
Polarization direction is important to redefine both leading and
trailing edges of the cell. For example, when filopodial locations
are changed from the leading edge to the trailing edge as po-
larization direction is updated, those filopodia have high prob-
abilities of retraction and disappearance. Thus, as filopodia are
located within the angle between the direction of filopodial pro-

(6]

]

E392 | www.pnas.org/cgi/doi/10.1073/pnas.1717230115

trusion and polarization direction is less than 45°, lifespans of filo-
podia are long. In addition, polarization direction also affects the
lamellipodium protrusion at the leading edge of the cell. According
to ref. 23, the direction of cell polarization, denoted by unit vector
dy, is steered in relation to the direction of the stiffest ECM
denoted dy;r, a unit vector pointing in the direction of a maximum of
E" or k; among multiple filopodia at every time point of ¢ (Fig. 1C).
The dynamic transition of polarization direction is expressed as (23)

adpol
ot

7 (I = dpot @ dyor ) dyigy, 7]

where 7, is the response time (0.1 min™") for reorientation of dyol,
I is an identity matrix, ® represents tensor product (a®a =a,a;),
and (I —d,, ® d,y) represents the projection linear transformation.

Characterization of CPS. First, we aim to simulate mechanosensing
tests for the two ECM fiber network models (SI Appendix, Figs.

$5-S7) to characterize and compare E* and IE;-. Second, we aim

to simulate the mechanosensing of a cell interacting with the
ECM of varying stiffness (SI Appendix, Figs. S8 and S9). The
detailed explanations are found in SI Appendix, Text S1.

Experimental Observation of Filopodial Mechanosensing. Following
successful characterizations of CPS through simulations of
mechanosensing tests for soft and stiff ECM models, experiments
of filopodia dynamics in the collagen I gel were performed to
justify the application of Eqgs. 5 and 6 to measuring the local
ECM stiffness sensed by filopodia. We have observed an in-
teresting phenomenon which reveals an independent motion of
each filopodium; as shown in Fig. 24, one top filopodium a was
retracted, but the other lower filopodium b was protruded
(Movie S1). We hypothesized that these distinct motions of
filopodia in ECM resulted from the difference of local ECM
stiffness sensed by individual filopodium. In addition, it has been
reported that the retraction of filopodia is due to zero or weak
FC forces at the filopodial tip (31). Thereby, for the comparison
of the measured CPS between these two locations of filopodia,
each individual filopodium and its surrounding ECM fibers and
beads were reconstructed to 3D objects with a time interval of
2 min for 36 min, respectively (Fig. 2 B and C). From these re-
constructions, we can note the relaxation of both fibers and
beads at filopodium a (beads displace away from the filopodial
tip) (Movie S2). In turn, filopodium b mechanically interacts with
fibers, which results in fiber densification and remodeling (Movie
S3). We observed that beads were bound or embedded into the
cross-linked ECM fibers (Fig. 2 B and C), so that each CPS using
continuum or discrete fiber mechanics was calculated by aggre-
gating the force and displacement data of beads (Fig. 2 D and E).
As a result, both CPSs at filopodium b were found to be higher
than those at filopodium a. Furthermore, we compared time-
varying force, time rate of change to force, and two CPSs using
continuum mechanics and discrete fiber mechanics at filopodium
b (SI Appendix, Fig. S10) and found two linear fits of retraction
and protrusion (Fig. 2F). These results also imply switching cel-
lular polarity toward stiffer ECM after the competition between
filopodia a and b. Note that the determination for the filopodial
motion mode of protrusion (P), retraction (R), or transition (T) at
every time point was based on forward, backward, or zero motions
of filopodium, respectively (Fig. 2G). We found that the simulated
data (SI Appendix, Fig. S9C) reproduced the experimental data in a
similar trend that the slope of linear fit at the retraction is steeper
than that at the protrusion (Fig. 2F and another example shown in
SI Appendix, Fig. S11).

Effect of Separation Distance in Directed Cell Migration Toward
stiffer ECM. First, three series of simulations were performed
and compared to investigate the effect of directed cell migration
as a function of separation distance from the centroid of the cell to
the sharp interface between stiff and soft ECMs. Computational
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Fig. 2. Experimental measurements of filopodial mechanosensing local ECM stiffness. (A) Three-dimensional confocal images showing filopodia protrusive
and retractile motions in GFP-transfected HUVEGs, collagen type 1 fiber network (gray), and fluorescent beads (red). (Scale bar: 5 pm.) Three-dimensional
shade plots in B and C indicate 3D reconstructions of filopodia (green), surrounding collagen fibers (blue), and beads (red) at time points of 0 min, 18 min, and
36 min. These two kinds of shade plots in B and C are reconstructed from confocal images of two distinct filopodia a and b (yellow circles) in A, respectively.
(D and E) Bar graphs showing average CPS using approaches of (D) continuum mechanics and (E) discrete ECM fiber mechanics and SE of means (n = 3) at
filopodia a and b. Note that two kinds of CPS in D and E are calculated using Egs. 5 and 6, respectively. (F) Linear regressions of protrusive (~ = 0.72) and
retractile phases (r* = 0.67) between calculated two CPSs of the local ECM at filopodium b in D and E, respectively. (G) Series of still shots with time interval of
2 min for 36 min. P, R, and T indicate motion modes of protrusion, retraction, and transition, respectively.
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models of soft and stiff ECM fiber network are constructed with
two different pore sizes of 3.0 pm and 1.5 pm, respectively, and
identical single collagen fiber diameter of 41 nm. To characterize
and compare bulk moduli and pore sizes of these ECM segments,
simulations of mechanical stretching tests for each ECM fiber
segment were performed, and bulk moduli and pore sizes of soft
and stiff ECMs were found to be 2,558 Pa and 4,999 Pa and 3.12 +
0.57 pm and 1.81 + 0.34 pm, respectively (SI Appendix, Fig. S12).
The cell was initially placed at distances of 10 pm, 20 pm, and
30 pm from the boundary of stiffer ECM, respectively, and the
volume exclusion effect of the cell was considered to prevent the
ECM fiber from penetrating through cellular and filopodial
membranes (SI Appendix, Fig. S13). As a result, ECM fibers are
densified and aligned along the surface of the cellular membrane.
Note that cellular polarity is initially set to be parallel to the
boundary of stiffer ECM; that is, the cellular polarity angle (PA) is
zero. Here PA is defined as an angle between a unit vector tan-
gential to the boundary of stiffer ECM (Fig. 34, Upper direction)
and a cellular polarity direction (blue arrow in Fig. 34). Fig. 4 4
and B shows selected examples of contour distributions of maxi-
mum principal stress and strain in the domain of ECM as a func-
tion of separation distance from the boundary of stiffer ECM to the
cell. Significantly higher values of stress are shown at the leading
edge of the cell whose cellular polarity directs toward stiffer ECM
than those at the trailing edge of the cell. In addition, colored
displacement and maximum principal stress contours show that
higher stresses (yellow and red) are concentrated near the cell and
filopodia and that these stresses rapidly decay out of the cell and
filopodia (SI Appendix, Fig. S14). Based on elasticity theory, we find
that the strains decay with 1/* (SI Appendix, Egs. S4-15 and S4-16)
(32). Contours of maximum principal stress and strain fields in
discrete ECM mechanics are drawn by using (i) mathematical
theory of elasticity and (i) discrete deformation gradient methods,
respectively (SI Appendix, Method S4 and Figs. S15 and S16).

Furthermore, comparing the probability of switching cellular
polarity toward stiffer ECM with diverse separation distances to
the boundary of stiffer ECM, we find that this probability decays
as the separation distance from the surface of stiffer ECM in-
creases (Fig. 4C). It is determined as the occurrence of polarity
switching when the time-averaged cellular PA becomes positive.
Accordingly, the probability is evaluated by counting the num-
ber of cells directed toward stiffer ECM: seven of eight, five of
nine, and two of seven for the separation distances of 10 pm,
20 pm, and 30 pm, respectively (see scatter plots in Fig. 4C).
Also, time-averaged cellular PAs are found to decrease with
increasing separation distances of 10 pm, 20 pm, and 30 pm
(33.7 £ 8.4°, 6.2 + 13.6°% and 0.2 + 10.3°, respectively) (Fig. 4D).
Interestingly, both time-averaged traction forces and effective
CPS at filopodial tips are also found to be highest in the case of
the shortest separation distance, 10 pm (~140 pN and 400 Pa)
(Fig. 4 E and F).

Time Evolution of Cellular Polarity, Traction Force, and Cell-Probed
Stiffness. Comparing the series of simulated data of ECM fiber
and filopodia provides insights into the time evolution of the
cellular polarity, CPS, and traction force profiles during the di-
rected cell migration toward stiffer ECM. Among the three cases
of separation distances simulated (Fig. 4 A and B), the separation
distance of 10 pm is chosen to analyze dynamic behaviors of
filopodia since the time-averaged cellular PA is the highest. Here,
the response time for switching the cellular polarity toward stiffer
ECM tends to be shorter. As shown in Fig. 34, three selected plots
of ECM fiber network at time points of 50 s, 150 s, and 250 s show
how fast the cellular polarity (blue arrow on the nuclear mem-
brane) is switched toward stiffer ECM; PAs at 50 s, 150 s, and
250 s are 11.2°, 30.9°, and 57.3° respectively (SI Appendix, Fig.
S17). As filopodia mechanosense the highest value of CPS in the
surrounding ECM, both the cellular polarity and the leading edge
of the cell are rapidly switched toward stiffer ECM. Fig. 3 B and C
shows temporal variations of CPS (Fig. 3B) and traction force
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(Fig. 3C) at the filopodial tips in three time ranges of 0-100 s
(Top), 100-200 s (Middle), and 200-300 s (Bottom), respectively.

First, at the time range from 0 s to 100 s, cellular PA changes
from 0° to 16.7° (SI Appendix, Fig. S17) since both the highest
peak values of CPS and traction force are found to be 13 kPa and
0.8 nN at “filo 4” (Fig. 3 B and C), which is located on the trailing
edge of the cell, at time 59 s. Although filo 4 is retracted later, it
turns out to be instrumental in switching cellular polarity toward
stiffer ECM since the duration of high CPS is longer at filo 4 than
at any other filopodia over the time range from 0 s to 100 s.

Second, at the time range from 100 s to 200 s, cellular PA is
further changed from 16.7° to 43.7° (SI Appendix, Fig. S17). At
this time range, the most significant filopodia for switching the
cellular polarity is filo 5 since the highest values of both CPS and
traction force are recorded as 5~20 kPa and 1~4 nN, respec-
tively. Interestingly, filo 5 started mechanosensing the boundary
of stiffer ECM at the time point of 170 s, which results in highest
values of both CPS and traction force (Movie S4).

Finally, at the time range from 200 s to 300 s, cellular polarity is
completely switched toward stiffer ECM as cellular PA is changed
from 43.7° to 66.0° (SI Appendix, Fig. S17). Thereby, the leading
edge of the cell is also switched so that filo 5 and filo 9 are located
on the leading edge of the cell. At this time range, filo 5 is the most
significant filopodium among any filopodia since it further pene-
trates into stiffer ECM and gains substantial traction force ranging
from 1 nN to 4.5 nN. Additionally, at filo 9, the highest values of
CPS and traction force are observed at the time point of 284 s.

Three Simulated Examples of Durotaxis. To test our computational
model further, three cases of simulations on durotaxis were
performed: (i) cell migration from soft to stiff ECM (Fig. 54),
(ii) cell migration from stiff to soft ECM (Fig. 5B), and (iii) cell
migration along the stiffness gradient (Fig. 5C). Similar to pre-
vious experimental studies of durotaxis (5), we find that the cell
model crosses the sharp interface when migrating from the soft
to the stifft ECM (Movie S5), but the cell model steers away from
the sharp interface when migration is from the stiff to the soft
ECM (Movie S6). To confirm our filopodial mechanosensing
using CPS methods, we further considered and generated a sharp
stiffness transition at the interface with a gradual change of pore
size from the softest ECM (3.0 pm) to the stiffest ECM (1.5 pm)
and simulated cell migration along the stiffness gradient. As a
result, we find that the cell model migrates toward stiffer ECM
as cellular polarity directs toward stiffer ECM (Movie S7).

Cancer Cell with Numerous Filopodia. Abundant filopodia in cancer
cells have been known to be a critical characteristic of aggressive
cancer cells which invade into tissues. In addition, increased
filopodia formation has been shown to promote migration (33),
and increased motility is highly related with increased fascin up-
regulation in the filopodia that bundles actin filaments to pro-
trude (34). Thereby, to quantify the invasiveness of cancer cells
with long (or short) and abundant filopodia, we further simu-
lated cancer cell invasion into stiffer ECM to investigate how
numbers and lengths of filopodia affect filopodia penetration
dynamics into ECM and cell motility. Fig. 6 and SI Appendix, Fig.
S18 show the simulations for filopodia numbers (N) of 5, 10, and
15 and the unstressed lengths of filopodia (L) of 1 pm, 3 um, and
5 pm. Here initial cancer cell locations were identically set to be
20 pm from the boundary of stiffer ECM to quantitatively
compare time-averaged speeds of filopodial tips models with
various filopodial numbers and lengths. As a result, we find that,
for all of the filopodial lengths of 1 pm, 3 pm, and 5 pm, the time-
averaged speed at the filopodial tip is higher as the number of
filopodia is increased. Probability distributions of the speed at
filopodial tips show peak shifts toward higher speeds as filopo-
dial number is increased more for all of the filopodial lengths of
1 pm, 3 pm, and 5 pm (SI Appendix, Fig. S19). However, in cases
of filopodial lengths of 3 pm and 5 pm, the speed at the filopodial
tip is significantly increased when N is varied from 5 to 10, but
the speed at the filopodial tip is slightly increased when N is
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Fig. 3. Time evolution of cellular polarity, traction force, and modulus during directed cell migration toward stiffer ECM. (A) Selected still shots of simulated
cell migration toward stiffer ECM at three time points of 50 s, 150 s, and 250 s. Each Inset shows cellular and filopodial morphologies, and the direction of
cellular polarity (blue arrow). Filopodia are identified with numbers for the analysis of time-varying CPS and traction force in B and C. Here diameter, length,
and number of filopodia are 0.6 um, 3 pm, and 5, respectively. The three graphs in B and C show time-varying CPS and traction force at identified filopodial
tips in A at three time ranges, 0~100 s, 100~200 s, and 200~300 s, respectively.

varied from 10 to 15 (Fig. 6B and SI Appendix, Fig. S19). Ad-
ditionally, a graph of the average speed at the filopodial tip vs.
three different lengths of filopodia with the same number of
filopodia shows a biphasic distribution with a minimum value at
the unstressed filopodial length of 3 pm, and similar distributions
are also found under all three identical numbers of filopodia (Fig.
6B). Our simulations of cancer cell models indicate that speeds at
filopodial tips are increased more as the filopodial length is either
increased from 3 pm to 5 pm or decreased from 3 pm to 1 pm.
However, interestingly, the cancer cell model with short and
abundant filopodia (L = 1 pm, n = 15) turns out to be the most
aggressive since its average speed at the tip of filopodia is the
highest among all cases of cancer cell simulations (Movie S8).

Kim et al.

Discussion

In this report, we introduce a method of elucidating the local
stiffness of ECM sensed by a cell. The method is twofold. One is
to compute time series data of force and displacement that a cell
experiences through filopodial interactions with surrounding dis-
crete ECM fibers (SI Appendix, Method S1). The other is an
elasticity-theoretic model relating force to displacement: two
kinds of parametric relationships consisting of (i) Young’s mod-
ulus and Poisson’s ratio derived from elasticity theory (SI Ap-
pendix, Method S2) and (ii) stiffness of ECM fiber derived from
the elastic energy of the discrete ECM fiber (SI Appendix, Method
$3). The force-displacement data are then synthesized and re-
duced to a single scalar quantity delineating the effective CPS of
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(A) Selected examples of maximum principal stress contour slices along both the migrating cell and the domain of ECM as a function of separation

distance from the surface of stiffer ECM in which the cell migrates from three different separation distances of 10 pm, 20 um, and 30 pm. White meshes on the
vertical slice indicate ECM fiber network. Each Inset in A also indicates corresponding separation distance from the surface of stiffer ECM to the centroid of
the cell. Here diameter, length, and number of filopodia in three cases are 0.6 pm, 3 um, and 5, respectively. (B) Corresponding contour plots of maximum
principal strain in the domain of ECM. White vectors in the plot indicate displacement vectors at the ECM fiber nodes. (C) Probability of directed cell migration
toward to stiffer ECM fiber network as a function of separation distance. Three scatter plots in polar coordinates of r and ¢ represent distributions of time-
averaged CPS at the filopodia (r) and time-averaged PA of the cell (9). Note that PAs of 0°, 90°, and —90° indicate initial direction of cellular polarity and
directions of stiff and soft ECM, respectively. (D-F) Variations of (D) time-averaged cellular PA, (E) traction force, and (F) CPS at the filopodial tip under three
different separation distances of 10 pm, 20 pm, and 30 pm. All error bars in graphs indicate SE of mean.

local ECM fibers, E* and k;. The CPS is not merely the physical
stiffness of the ECM fiber network, but the one that is experienced
by the cell through the characteristic filopodia movements in
interacting with ECM fibers. The importance of ECM stiffness has
been addressed by many authors, yet its real meaning in con-
junction with the migratory cell behaviors has seldom been
addressed. Thus, the presented method provides the foundation
of stiffness probed by the cell and, using this CPS, polarity in cell
migration is explained.

First, the presented method was characterized through a series
of simulations for mechanosensing tests in soft and stiff ECM
models (SI Appendix, Fig. S7), and two distinct linear regions

were found in their hysteresis curves of E* and l_c; . One is a re-

gion of force buildup (or protrusion of filopodia), and the other
is a region of force dropdown (or retraction of filopodia) (S
Appendix, Figs. SSE and S6E). The slope of linear fit at the force
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drop-off was found to be steeper than that at the force buildup.
However, it should be noted that a linear correlation at the force
buildup region becomes poor (* = 0.18) when the density of the
fiber network is very low (average pore size ~5 pm), which in-
dicates a distinct difference between continuum and discrete
approaches (SI Appendix, Fig. S20). Second, we have applied this
method to the filopodial mechanosensing model for the com-
putation of the directed cell migration toward stiffer ECM and
also identified two distinct linear regions at filopodial protrusive
and retractile phases, which indicates that the slope of linear fit
at the retractile phase was steeper than that at the protrusive
phase (SI Appendix, Fig. S9C). Finally, experiments of filopodia
dynamics in the collagen I gel were performed to justify the
application of this method to measuring the local ECM stiffness
sensed by filopodia. We have observed that values of both CPSs
at a protrusive filopodium are higher than those at a retractile
filopodium, which implies switching cellular polarity toward
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Fig. 5. Three examples of durotaxis. (A-C) Still shots of (A) simulated cell
crossing the sharp interface at the time point of 2,390 s when the cell starts
migrating from the soft ECM, (B) simulated cell steering away from the sharp
interface at the time point of 1,260 s when the cell starts migrating from the
stiff ECM, and (C) simulated cell migration along the stiffness gradient at the
time point of 1,510 s.

stiffer ECM after the mechanosensing competition among
filopodia. The experimental results are in good agreement with
the computational results of filopodia dynamics in two charac-
teristic regions where the slope of the linear fit at the retractile
phase is steeper than that at the protrusive phase (Fig. 2F and SI
Appendix, Fig. S11E).

As for the application to experimental measurement of both
effective CPSs, E" is suitable for gaining the intuition of area
elasticity using unstructured (or scattered) data of fluorescent
beads which are bound to ECM fibers. On the other hand, k; is
suggested for gaining the effective ECM fiber stiffness of the
ECM fiber network consisting of structured data of the ECM
fiber network, which includes the identification of ECM fiber
alignment and connectivity between fibers and cross-links.
However, this additionally requires accurate segmentations of
ECM fiber data from 3D confocal images. Our current experi-
mental results are limited in this aspect because slice thickness
(500 nm) is about five times larger than the diameter of a single
collagen fibril (~100 nm), which resulted in locally disconnected
fibers with a high-aspect noncircular cross-sectional area in the z
stack. Our simulations have demonstrated the application of the
effective CPS using discrete fiber information, ECM fiber
alignment, and connectivity between fibers and cross-links to
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switching cellular polarity toward stiffer ECM. Therefore, in the
case of high remodeling of ECM fibers and a high-strain regime,
the discrete approach of the effective CPS seems to be better
than the continuum approach, and its further characterization,
experimental observation, and improved 3D fiber reconstruc-
tions will be necessary in the future.

The presented method and its computational results are
consistent with experimental observations reported recently (16).
Cell migration experiments using human umbilical vein cells
(HUVEC:) transfected with cytosolic GFP were performed in
the microfluidic device for the validation of the model, and it was
found that speeds of both tip and root of filopodia increase as
the pore size of the collagen gel is increased in experiments. The
simulated speeds of both tip and root of filopodia also showed a
good correlation to the experiments (16). It has been reported
that, as the ECM pore size increases, a discrete ECM model
shows a better agreement with experimental data, particularly for
long-range displacements, than continuous models (35). The
presented method is also based on the discrete ECM model
consisting of a network of ECM fibers. The experimental results
show that the buildup of traction forces is faster for higher

substrate stiffness; ||4F|| is proportional to the stiffness (up to
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Fig. 6. Cancer cell simulations with numerous and long (or short) filopodia.
(A) Selected plots of simulation for the directed cancer cell migration toward
stiffer ECM by tuning unstressed filopodial lengths (L) of 1 um and 5 pm
(rows) and filopodial numbers (N) of 5 and 15 (columns) at the time point of
500 s. Blue arrow indicates the direction of cellular polarity. Pore sizes of soft
(Left) and stiff (Right) are 3 pm and 1 pm, respectively. (B) Bar graphs
showing time-averaged speeds and SE of means at the tip of filopodium for
nine cases under three different unstressed filopodial lengths of 1 um, 3 pm,
and 5 pm and three different filopodial numbers of 5, 10, and 15 [*P < 0.05,
n=85,155,and 122 (L=1pm, and n=5, 10, and 15); n =72, 79, and 83 (L =
3pum, and n =5, 10, and 15); and n =45, 97, and 116 (L=5pum, and n =5, 10,
and 15), one-way ANOVA, posthoc Tukey’s test].
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80 nN/pm) (29, 36). This can be explained with the proposed
computational model. For example, faster buildup of traction
force can be found when a filopodium tugs more along a single
ECM fiber which is grounded to the ECM fiber network (S/
Appendix, Fig. S21). Effective stiffness of this ECM fiber is in-
creased more as the filopodium tugging time is longer, which
results from the nonlinear behavior of the single ECM fiber (S
Appendix, Fig. S21B): As the filopodium crawls more on the fi-
ber, the unstressed length of the single ECM fiber is reduced
more, and the stiffness of the ECM fiber is inversely proportional

to its unstressed length [k; =ArE; / L(t)g , where Ay and L(t){) are

sectional area and time-varying unstressed length of single ECM
fiber, respectively] (16). Thereby, the buildup of traction forces is
faster as effective stiffness of the ECM fiber increases
more rapidly.

We have established a detailed computational model to pre-
dict dynamics of filopodia interacting with a 3D ECM fiber
network (Materials and Methods). Our computational model al-
lows for the calculation of time-varying cellular polarity, as well
as time-varying traction force and effective CPS at the tips of
filopodia when they are bound to their surrounding ECM fibers.
Through monitoring this traction force and effective CPS at tips
of filopodia, we show that both the traction force and the sensed
effective CPS at its tip take the highest peaks when a particular
filopodium starts interacting with stiffer ECM fibers. After re-
peating multiple simulations for three different cases, our model
also allows for the prediction of probabilities for switching the
cellular polarity toward stiffer ECM as a function of separation
distance from the boundary between soft and stiff ECMs to the
cell in the soft ECM. As a result, we show that this probability
decays as the separation distance increases. Additionally, the
computational model includes reaction—diffusion mass transfers
of six biochemical concentrations related to proteolysis and
degradation in ECM to incorporate chemical interactions of 3D
ECM with filopodia and cellular membranes (SI Appendix,
Method S1). We visualize the distributions of biochemical con-
centrations such as MMP-2 and TIMP-2 (SI Appendix, Fig. S22 A
and B). In particular, this computational model enables us to
investigate variations of traction forces and CPS in the sur-
rounding ECM in the cases of overexpressed and deficient MT1-
MMP secretion rates (SI Appendix, Fig. S22 C and D). For the
justification of the model, further experimental measurements of
effective CPS in those cases will be necessary in the future.

We note that our model of “filopodia dynamics in the ECM
fiber network” is complex, depending on many factors, including
the strength and spatiotemporal properties of the FC formation in
switching the diverse phases of filopodial dynamics, the sliding rate
of nonmuscle myosin II, the filopodial protrusive force due to actin
polymerization force, and membrane tension. Among them, a key
sensitive factor is a stalled myosin sliding rate related to filopodial
mechanosensing with ECM fibers. A recent experimental work
revealed that the actin flow by the myosin motor is fed back by
surrounding ECM rigidity (20). In addition, the maximum number
of clustered integrins per node on the filopodial membrane is set to
be 100, but as filopodia are located at the leading edge of the cell,
those filopodia recruit and transport abundant integrins by
myosin-X, forming integrin clustering at those tips to gain strong
traction force (12). Therefore, the direction of the future filopodia
dynamic model will be to improve the feedback mechanism of
filopodial mechanosensing with ECM fibers and integrin cluster-
ing dynamics on the filopodial membrane. This method may fail if
effects of integrin transmembrane, cytoplasmic domains, and the
integrin “inside-out activation” process are neglected (37).

Finally, the goal of the present model is aimed at understanding
how the filopodial mechanosensing model plays an important role
in the directed cell migration toward stiffer ECM. The ultimate
goal of the future cell model will be the development of a col-
lective cell migration in 3D ECM with a gradient of stiffness. A
recent interesting study has shown that collective cell migration on
the elastic substrate more preferentially directs toward stiffer
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substrate than single-cell migration on the identical substrate, and
the speed of cell migration tends to be faster as cells are located
on the substrate with a steeper gradient of stiffness (38). Like their
observation in the single-cell migration, we observe that single-cell
models with various conditions of filopodial lengths, numbers, and
diameters occasionally tend to migrate in opposite directions.
Therefore, it is of great interest to capture an emergent behavior,
which is defined as a functional response emerging from a com-
plex multicellular system that cannot be observed in a single cel-
lular system,” of collective cell migration in 3D ECM in our
upcoming model. Furthermore, using the filopodial mechano-
sensing model, the future model can be extended to more complex
models of vascular network formation and cancer metastasis, in-
cluding a collective migration mediated by both cell—cell and cell-
ECM adhesions to understand other functions of filopodia in
sensing neighboring cells in 3D ECM.

Conclusions

There have been vague notions of stiffness in the literature of cell-
ECM interactions due to the complexity of the ECM fiber network.
It has been poorly understood in conjunction with the detection of
local ECM stiffness. This present work manifested local stiffness in
terms of time-series data of force and displacement across the fiber
network in the vicinity of each filopodium. Stiffness depends on
both force and displacement and two unique formulas are justified
with numerous simulations which reproduce experimental obser-
vations. These formulations reflect filopodial protrusive and re-
tractile activities interacting with surrounding ECM fibers which
cause time series of position and force information. The compu-
tational model also reproduces two cases of experimental obser-
vations on durotaxis: ({) The cell steers away from the sharp
interface when the cell starts migrating from the stiff ECM and (i)
the cell crosses the sharp interface when the cell starts migrating
from the soft ECM. The computational model was then applied to
quantifying the invasiveness of cancer cells with long (or short) and
abundant filopodia. Specifically, we have found that the cancer cell
model with short and abundant filopodia turns out to be the most
aggressive. Thus, we feel strongly that our computational model has
the potential to be a critical tool for the determination of in-
vasiveness of cancer cells in the ECM microenvironment.

Materials and Methods

Cell Culture. GFP-expressing HUVECs (Angio-Proteomie) were cultured in
EGM2-MV growth medium (Lonza) and used in our experiments at passage 6.
Cells were grown in T25 flasks (Thermo Fisher Scientific) until 90% confluent.
Then they were removed from the flask surface by incubation with trypsin/
EDTA (Gibco) for 2 min, centrifuged, and then resuspended with the collagen
| solution, before seeding into the 3D microfluidic devices.

Preparation of Microfluidic Devices and Filopodia Imaging. Preparation of 3D
microfluidic devices, followed by cell seeding, was performed as previously
described in detail (39). In brief, microfluidic devices were prepared using pol-
ydimethylsiloxane (PDMS) and bonded to a glass coverslip. Microfluidic chan-
nels were coated with poly-D-lysine (PDL) (Sigma). Before injection of the gel
solution into the devices, fluorescent beads (red) of 200 nm diameter (Sigma)
were mixed with the solution at a dilution of 1:500 from the original stock.
Following that, the central gel channel, in which filopodia dynamics were later
imaged, was filled with the collagen | solution, at a density of 2.5 mg/mL.
Devices were then incubated for 30 min at 37 °C to polymerize. The concen-
tration of NaOH in the collagen | solution was varied to allow accurate control
of pH 7.0 during polymerization of the solution. Following polymerization of
the gel, HUVECs were seeded in the bottom channel by pipetting 40 pL of cell
suspension at 2 x 10° cells/mL. Following 24 h of incubation at 37 °C, the me-
dium was replaced with fresh EGM2-MV medium supplemented with 50 ng/mL
VEGF (Peprotech) and 250 nM S1P (Sigma). In the following 2-3 d, cells were
left to sprout into the collagen gel. During sprouting, single filopodia were
imaged using a confocal laser-scanning microscope (FV-1200; Olympus) at 60x
magnification. Protrusive and retractile filopodia of the GFP-expressing HUVECs
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(green), fluorescent 200-nm beads (red), and collagen fibers (confocal re-
flectance microscopy) were simultaneously imaged with a time interval of 2 min
for 36 min, while keeping cells humidified at 37 °C and 5% CO,.

Three-Dimensional Reconstructions of Confocal Images. Confocal 3D image
stacks were visualized using a 3D image analysis tool (IMARIS; Bitplane). To
extract 3D objects of cells, fluorescent beads, and ECM fibers from 3D confocal
images, the contour surface method was used as the image segmentation
with options of the surface area level (smooth), the absolute intensity
(thresholding), and the number of voxels (filter type) over time. Then, each of
the 3D objects at every time frame was exported with a file format of virtual
reality modeling language (VRML2). Afterward, all VRML2 files were con-
verted to a format of stereolithography (STL), using a 3D digitization tool
(MeshLab). Surfaces of cells, fluorescent beads, and ECM fibers were pro-
cessed with triangular meshes.

Calculations of CPS from 3D Reconstructions. All STL files of cells, fluorescence
beads, and ECM fibers at every time interval were integrated using a com-
mercial tool for the visual data analysis (Tecplot 360). Afterward, multiple
zones of data were grouped with zones per group of three (data specifications)
and time interval of 2 min (solution time). For the calculation of CPS using the
continuum or discrete ECM fiber approach, three to four beads were selected
with the following conditions: (/) Beads were bound to ECM fibers and (ii)
located within a distance of 1 pm from the filopodial tip. Positions of beads
were extracted with an option of “discrete points” at every time frame and
used to calculate two datasets of rate of force by time and velocities of beads.
Finally, calculations of CPS were processed using these two datasets.

Simulation of Mechanical Stretching Test for ECM Model. For the simulation of
stretching ECM fiber network models, two ECM stretching models with pore
sizes of 1.5 pm and 3.0 pm, respectively, and fiber diameters of 41 nm were
built with cube structures with equilateral length of 20 pm as shown in S/
Appendix, Fig. S12 A and B. As for boundary conditions for the stretching
simulations, time-varying stretching speed conditions were imposed at both
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top and bottom sides of each ECM model. Each ECM model was strained up
to 0.25 and then relaxed to investigate its viscoelastic behavior. Bulk moduli
of soft and stiff ECM models were calculated with linear fits of strain-
stress curves.

Simulation of Mechanosensing Test for ECM Model. For simulations of
mechanosensing tests for ECM fiber models, two ECM models with pore sizes
of 1.5 pm and 3.0 pm, respectively, and fiber diameters of 41 nm were built
with cube structures with equilateral length of 20 pm. The mechanosensing
tests were simulated for a physical time of 30 s and consist of two time zones
(one is passive strain for 0-15 s and the other is active strain for 15-30 s). As
for boundary conditions for the ECM model, constant stretching speed
conditions were imposed at both top and bottom sides of each ECM model
up to strain of 0.3 for 15 s (passive strain). Afterward, zero velocity condi-
tions were imposed to maintain the strain of the ECM model at 0.3 for an-
other 15 s. Simultaneously, a single fiber in the center of the ECM model was
chosen to stretch up to three levels of fiber strain, 0.1, 0.3, and 0.5, where
unstressed fiber length is 1 um (active strain). As for the boundary condition
for the fiber, a time-varying stretching speed condition (sine function) was
imposed for 15s.

Simulation of Cell Invasion Dynamics into 3D ECM. The detailed equations that
govern each of these dynamical processes are summarized in S/ Appendix,
Method S1, and the list of simulation parameters is summarized in S/ Ap-
pendix, Table S1.
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