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ABSTRACT The intracellular environment is composed of a filamentous network that exhibits dynamic turnover of cytoskeletal
components and internal force generation from molecular motors. Particle tracking microrheology enables a means to probe the
internal mechanics and dynamics. Here, we develop an analytical model to capture the basic features of the active intracellular
mechanical environment, including both thermal and motor-driven effects, and show consistency with a diverse range of exper-
imental microrheology data. We further perform microrheology experiments, integrated with Brownian dynamics simulations
of the active cytoskeleton, on metastatic breast cancer cells embedded in a three-dimensional collagen matrix with and without
the presence of epidermal growth factor to probe the intracellular mechanical response in a physiologically mimicking scenario.
Our results demonstrate that EGF stimulation can alter intracellular stiffness and power output from molecular motor-driven

fluctuations in cells overexpressing an invasive isoform of the actin-associated protein Mena.

INTRODUCTION

The cytoskeleton, the intracellular mechanical structure,
consists of a cross-linked, filamentous network driven by
molecular motors and confers upon cells physical form
and functionality. During cancer invasion, this machinery
is engaged to promote drastic cell morphology changes
and persistent migration across confining physiological bar-
riers, including the dense extracellular matrix of the tumor
stroma, endothelial junctions, basement membranes, small
vessels, and interstitial tracks (1). The intrinsic nature of
different cell types and extrinsic environmental factors can
result in altered mechanical phenotypes. Highly invasive
cancer cells tend to generate larger contractile forces and
have altered deformability (2-5), and physical properties
of the microenvironment, such as stiffness, topography,
and dimensionality, can influence cell contractility, migra-
tory behavior, multicellular morphologies, and intracellular
transport and fluctuations (5-11). Various techniques have
been developed to directly measure the basic mechanical
properties of cells, including local active rheometry via
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atomic force microscopy or magnetic or optical tweezers
(12), microfluidics-based micropipette arrays (13) and
hydrodynamic stretching (14), noncontact Brillouin micro-
scopy (15), and particle-tracking microrheology (16). How-
ever, it is currently not well understood how intracellular
mechanics is modulated under realistic pathophysiological
conditions, which entail three-dimensional (3D) environ-
ments and growth factor stimulation.

Many molecular factors contribute to the intracellular
mechanical state, including the turnover rate of molecular
components such as actin filaments and actin binding pro-
teins, the walking rate of myosin motors, and the concen-
trations and mechanical properties of these cytoskeletal
components (17,18). Although it is difficult to directly mea-
sure the motions of individual cytoskeletal proteins or the
material properties of the cytoskeleton, particularly of cells
embedded inside 3D physiologically mimicking environ-
ments, it is feasible to image the trajectories of visible tracer
particles, such as injected microbeads and nanotubes or
endogenous organelles. Passive particle tracking micro-
rheology, based on relating particle motions to viscoelastic
properties of the surrounding medium via the fluctuation-
dissipation theorem (FDT), has been applied to measure
the complex shear moduli of reconstituted cytoskeletal pro-
tein networks and other complex fluids as well as living cells
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(19-21). However, the FDT breaks down for systems not
in thermodynamic equilibrium. In particular, the intracel-
lular environment is active with ATP-dependent processes
driving additional motions beyond thermal fluctuations
(22,23). As a result, a modified relation is required to relate
internal motions to material properties. Here we derive an
analytical relation that captures the heterogeneous trends
observed in typical experimental timescales and provides
fundamental physical interpretations of displacement fluctu-
ation data inside living cells. We measure the internal fluc-
tuations of highly metastatic breast cancer cells embedded
in a 3D collagen matrix and demonstrate the impact of
epidermal growth factor (EGF) stimulation, which promotes
directed cancer invasion (24-26), on intracellular mechani-
cal properties. To uncover insights toward the fundamental
mechanical mechanisms that can drive physical changes
in cells under EGF stimulation, we perform Brownian dy-
namics computational simulations of the active actin cyto-
skeleton that incorporate the complex network dynamics
of large numbers of interacting kinetic and mechanical cyto-
skeletal components.

MATERIALS AND METHODS

MDA-MB-231 cells with and without MenaINV overexpression were ob-
tained from the Gertler and Lauffenburger labs at the Massachusetts Insti-
tute of Technology. Both MenaINV and non-MenaINV overexpressing
MDA-MB-231 cells were cultured at 37°C, 5% CO, in DMEM with 10%
fetal bovine serum and 1% penicillin-streptomycin. In experiments, cells
were embedded in a 3D 2 mg/mL rat tail collagen I matrix and incubated
for at least 12 h in serum-free media (DMEM only) before experiments.
Microrheology experiments were performed under serum-free conditions
with or without 5 nM EGF added for at least 1 h before measurements.
Mitochondria, which were used as tracer particles for the microrheology
experiments, were labeled with Mitotracker Red (Life Technologies, Carls-
bad, CA) 1 h before the start of measurements. Fluorescence imaging was
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performed on a spinning disk confocal microscope with a 63x oil immer-
sion objective, and images were taken at 50 ms per frame for at least 50 s.
Practical limitations, including bulk cell motions, photobleaching, and
tracers moving out of plane, hinder longer term particle-tracking micro-
rheology experiments here. As a result, mean squared displacement
(MSD) data of individual tracers at longer time intervals are inherently
less reliable due to reduced sampling from videos of finite duration. The
software IMARIS (Bitplane; www.bitplane.com/) was used to trace mito-
chondria trajectories, and custom MATLAB programs (The MathWorks,
Natick, MA) were used to process the data. Net displacements of tracers
were subtracted to correct for drift and directed motions. In data fits, mito-
chondria are assumed to have an average effective radius of 70 nm based on
MSD scaling compared to injected microbeads (9). The logarithmic slope ¢
is calculated from a locally smoothened MSD (20). Note that mitochondria
are convenient probes for tracking intracellular fluctuations, particularly for
cells embedded in complex environments, because they are endogenous and
abundant. They and other endogenous granules have been used in particle
tracking microrheology experiments and their MSD trends are also compa-
rable to those of exogenously injected beads (9,22,27,28). A key limitation
is their nonhomogeneous nature, including diverse shapes and sizes.
Thus mitochondria-based microrheology studies may be best suited for
comparing between relative changes in the ensemble average of MSDs in
response to experimental conditions. Higher resolution imaging that can
resolve the shape and size of individual tracers can help overcome this
limitation.

RESULTS AND DISCUSSION
The Nature of Intracellular Fluctuations

We track the fluctuations of mitochondria, which act as
tracer particles of the intracellular environment. Previously
it was shown that the motions of mitochondria and injected
microbeads are comparable, indicating that comparable
basic internal machinery controls their behaviors (9,27).
We perform these experiments on MDA-MB-231 metastatic
breast cancer cells embedded in a 3D collagen matrix, as

shown in Fig. 1 a. The experimental mean-squared displace-
ments, MSD

= (Ax%(1)), and B=dlog((Ax*(t)))/dlog(t),

FIGURE 1 Intracellular fluctuations of cell in a
3D matrix. (a) An MDA-MB-231 cell, with labeled
mitochondria (red), is embedded inside a 2 mg/mL
collagen matrix. (b) Profiles of in-plane MSD
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versus time interval ¢ of intracellular fluctuations
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from mitochondria tracers (gray curves) display
heterogeneity. Different colored dots highlight
typical MSDs with distinct characteristics. Dashed
line is proportional to ¢. Note that the average MSD
of stuck fluorescent beads on glass is ~107% umz,
as shown by the lower black curve. Error bars are
mean * SE (n = 40). (c¢) Profiles display the
logarithmic derivatives, beta’s, of the MSD’s
shown in (b), with corresponding colors. Scale
bars represent 20 pum.

10°
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are shown in Fig. 1, b and c. 8 is an important parameter that
indicates the nature of anomalous diffusion. Typically, § < 1
for confined motions such as Brownian motion in a visco-
elastic medium; 8 = 1 for diffusive or diffusivelike motions
such as Brownian motion in a Newtonian fluid; and 8 > 1
for superdiffusive or persistent motions such as the ballistic
regime of Brownian motion at very short timescales. Intra-
cellular motions display a heterogeneous quality, in that
different tracers appear to exhibit fundamentally distinct
trends, including some that appear completely flat and
others with two or three temporal regimes (Fig. 1).

Previous experiments that measure the rheological
properties of cells using active methods, such as magnetic
or optical tweezers, show that cells are relatively elastic,
with a very weak power-law dependence of the shear
modulus on frequency (22,29). Under these conditions,
Brownian motion should result in a relatively flat MSD
with no time interval dependence. Recent work has shown
that nonthermal forces generated by molecular motors,
particularly myosin II, add an altered spectrum of fluctu-
ations, resulting in MSDs proportional to ¢ at relatively
long timescales >~0.1 s (22,23). The diverse trends
exhibited by intracellular MSDs therefore reflect both
passive properties of the cytoskeleton and the complex na-
ture of motor-driven activities. We next derive a funda-
mental relation that accounts for the range of observed
trends.

Fluctuation Dissipation with Active Forces

We assume that intracellular tracer particles or organelles
are surrounded by the cytoskeleton, with a smaller mesh
size, which acts as a linear viscoelastic continuum. The mo-
tions of these tracers can then be described by a generalized
Langevin equation with both thermal forces f;;, and molecu-
lar motor-driven forces fp,o, as:

mv = fug + fnot — / ¢(t — 7)v(7)dr, (1)
0

where m is the mass of the tracer, v is the time derivative
of the tracer velocity v, and { is the memory function
(purely elastic media have perfect memory (constant) and
purely viscous media have no memory (d-function)) (16).
In the Laplace frequency domain, v can be expressed as
follows:

b= fth +fmot —’: mvo )

ms + ¢
where F denotes the Laplace transform of a given func-
tion F, vy is the velocity at time zero, and s is the Laplace
frequency. The Laplace transform of the velocity autocorre-
lation can then be calculated as follows:

1876 Biophysical Journal 112, 1874-1884, May 9, 2017

<V0J~Cmm> + m<v§>

<V0\~/> = ms + g

. 3

where () denotes ensemble average. By identity, we have:

2

() = S (82 (s)), @

where (Ax? (s)) is the Laplace transform of the mean-squared
displacement MSD = (Ax?(r)). Because the motor-generated
forces are not simply d-correlated noise but rather have some
characteristic persistence, there should be correlation to
some extent between motor-generated forces and the velocity
of the tracer. Previously, it is assumed that motors generate
forces in the form of square pulses (kicks) and each pulse
has a characteristic duration (30). Within the characteristic
duration, the force is constant. Here, we take into consider-
ation that myosin II motors inside living cells, to be proces-
sive, are in the form of thick polarized filaments that
consist of many myosin II motors chained together (i.e.,
many myosin heads connected to a backbone) (31,32).
Each motor that constitutes the thick filament can bind and
unbind to actin and generate forces when bound, and we as-
sume that the filament will generate a net directed force.
Here, we consider that after a motor filament binds, there is
an unbinding rate for each motor in the filament and the un-
binding rate is independent for each motor such that the
number of bound motors over time 7 follows:

AN ot
dr

= _kuNmot ) (5)

where N, is the number of bound motors and k,, is the un-
binding rate for each motor. The solution gives the number
of bound motors over time, which we assume to be propor-
tional to the net force generated by the motor filament, as
follows:

Jinot €Niot = NOeik"T; (6)

where N, is the number of bound motors at some time 7= 0
when the motor filament binds. Once all of the motors of
any particular motor filament unbinds, the filament has walked
or diffused away and the subsequent rebinding of the filament
or binding of another motor filament will result in forces un-
correlated with the previous. The velocity-active force corre-
lation is then in the form (for time interval r > 0), as follows:

(ofuor(1)) = Ae™ == (ofp(9)) = (D

where sy = k,,, and A is the average instantaneous power that
the motors generate onto the tracer. Here, we assume that
the instantaneous power is related to the ATP consumption
rate by the motors and independent of material properties
of the surrounding medium. However, later we will revisit



this assumption for possible implications on medium-
dependent power output. The power spectral density of the
active forces can also be calculated by taking the bilateral
Fourier transform of (fi,0((0)fnot(#)), which is a Lorentzian
in frequency space assuming exponential force pulses in
time. Note that in the physiological case in a live cell, the
motion of tracer particles can be the result of advection
from cytoskeletal fluctuations due to molecular motor activ-
ity, particularly from myosin II filaments with numerous
myosin heads that bind to actin filaments. The motor-
induced forces on the cytoskeleton appear random but
have some persistence time as each myosin II filament
walks along multiple actin filaments in a directed manner to-
ward the barbed ends, which could result in force dipoles,
and generates correlated forces during that motion. The cor-
relation decays as the motor filament walks away via bind-
ing and unbinding of motor heads. As new motor filaments,
which are assumed not to be coordinated with previous mo-
tors, walk into the vicinity of a tracer, new forces are ex-
hibited that are uncorrelated with previous force pulses. In
our model, for a purely viscous material, highly persistent
motors can lead to directed forces and therefore directed
transport of tracers. However, for a purely elastic material,
a persistent or constant force would not lead to directed
transport. In this scenario, directed transport may arise
from tracers moving through pores within the elastic mate-
rial and not experiencing restoring forces from the cytoskel-
etal network. This mode is not accounted for in our model.

At relatively high frequencies or short timescales, it has
been demonstrated that the fluctuation-dissipation theorem
is accurate for molecular motor-driven gels and living cells,
as validated by comparing active and passive microrheology
measurements in addition to modulating ATP-driven activ-
ities (22,23). Therefore, the total kinetic energy of the sys-
tem should be dominated by thermal energy, resulting in
the following:

— 2 A
<Ax2(s)> =5 (HSOJrNkBT), @)

where N is dimensionality and inertia is neglected. The
memory function is related to the frequency-dependent vis-
cosity 7(s) and shear modulus by G(s) (33), as follows:

¢ = 6mri(s), )

GO _ 5. (10)

Cells have been shown to exhibit power-law frequency
scaling of the shear modulus (22,29), which takes the
following form:

G(s) = Bs®, (11)
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where 0 < « < 1 (zero for purely elastic and one for purely

viscous) and B is a constant. The Laplace transform pair of
the MSD can now be represented as the following:

— 1 A
<sz(s)> — X (1+N—kBT x —s—l—so)’ (12)

(AP (1)) = <m> <1 !

X /Ta X CSOTd’T>, (13)
0

where I" is the y-function. At short timescales smaller than
1/s¢ (but above inertial timescales), we have the following:

NkgT x t* A t
Ax? = |lz———] |1 .
(&) (37rrBl"(1 + oz)) < +NkBT “ar 1)

(14)
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site6mrB
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X
NigTee €

For a Newtonian fluid, the MSD reduces to the following:

NkgT x t A 1
2 _ B —
<Ax (Z)> N ( 3mrB )(1 JrN/’q_»,Tt X (s%)

x (€7 + sot — 1)),

s)

and for relatively short timescales smaller than 1/sy to the
following:

(AR(r)) = (Nk;*;; ’) (1 +N23T x (é)) (16)

This is consistent for an active persistent force in a
Newtonian fluid (above inertial timescales), leading to
(Ax*(1)) o 1> at timescales above thermal domination.

For a purely linear elastic medium, the MSD becomes the
following:

yon (NkgT A -
(A(1) = (Sm”B) <1+NkBT 8 ( 5o >)’ )

which for relatively short timescales, smaller than 1/sq,
leads to the following:

(AC(1)) = (ﬁi) <1 +N23T’>’ (18)

This accurately predicts that below the characteristic
persistence time due to molecular motor activity and
above the short timescale regime dominated by thermal
forces, (Ax*(¢)) o t inside living cells, which are relatively
elastic (22).
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Note here that at times above the thermal regime and
below 1/so, Eqs. 1214 indicate that (Ax*(r)) o ¢' ™. How-
ever, if the power generated by molecular motors is depen-
dent on the material properties of the medium such that
Ax(1/G(s)) = (1/Bs") in the frequency domain, then
(Ax*(r)) o ' Moreover, in this scenario, (Ax*(f)) o
1/G* for linear elastic media. This form is similar to previous
theory (22,28.30), but it is not clear currently whether mo-
tor-generated power should be dependent on the mechanical
properties of the local environment. Our theory derived here
thus provides a framework for testing this fundamental
property in future studies. In this work, we consider cells
that are relatively elastic at the timescales of interest (22)
and thus a = 0, so A is not dependent on time or frequency.

This current derivation is consistent with both empirical
data for intracellular measurements and the classical limit
of persistent forces acting on an object in a Newtonian fluid.
These equations (Egs. 1-18) provide a quantitative and
physical relation between the experimental observable—
the MSD—and the underlying intracellular material proper-
ties and motor-driven activity over a continuous range that
spans thermal and active regimes. They provide, to our
knowledge, a novel, direct means to calculate the power
generated by molecular motor activity, which is of particular
importance because this is fundamentally related to the rate
of consumption of chemical energy (ATP) required to drive
active intracellular activities. Moreover, the theory accounts
for the molecular picture of myosin Il motors that form thick
filaments and exhibit binding kinetics to substrates. Interest-
ingly, the phosphorylation of myosin II via Rho kinase
(34,35), which enables the motors to unbind and walk along
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actin filaments, occurs at the timescale in the order of 10 s,
which should be related to 1/sy based on our theory. Intracel-
lular MSDs are observed to plateau on that timescale (22).

Figs. 2 and 3 demonstrate the nature of the MSD and £,
respectively, as calculated by Eq. 13, when different phys-
ical, internal characteristics are modulated, and the diverse
experimental trends shown in Fig. 1, b and ¢ are qualita-
tively captured. Eqs. 12-18 represent, to our knowledge, a
novel framework that extends beyond the thermal equilib-
rium assumption of the FDT, which was previously applied
to measure the shear modulus of soft materials and does not
account for active behaviors. Our framework enables key
fundamental parameters of the intracellular environment—
the shear modulus (magnitude and power-law scaling expo-
nent, B and «), persistence time of nonequilibrium effects
1/s9, and the instantaneous power of motor-driven activity
and molecular level energetics A—to now all be interpret-
able and computable.

A number of previous studies have generated data that are
captured and unified within our theoretical framework, with
four fundamental parameters characterizing the mechanical
properties of live, active cells. The internal fluctuations of
Amoeba cells have been shown to display two temporal re-
gimes (36), as consistent with thermal and motor-driven re-
gimes. Interestingly, for these cells, the MSDs at short time
intervals scale close to 7, suggesting a fluidlike rather than
elastic intracellular environment, whereas the MSDs at
longer time intervals scale close to . This is consistent
with our theoretical model that MSDs in the motor-driven
regime (before 1/s) scale as ' ™ rather than 7' 2%, as shown
in Fig. 2 d. Furthermore, it has been shown in fibroblasts that

FIGURE 2 MSD versus active parameters.
(a) Altering s¢ leads to a modulation in the onset
of the plateau at long timescales. (b) Altering B

102 107! 10° 10’ 102 107!
t [seconds]

t [seconds]

shifts the magnitude of the MSD. (c¢) Altering A
modulates the onset of the high slope regime at
long timescales. (d) Altering o« modulates the
logarithmic slope at both the short and long
timescales. The arrow indicates the direction of
increasing the parameter of interest. The red curve
is a common reference curve for (a—d) and has
parameter values of A = 1.5 kgT s, B=2
[Pa s *], a« =0, so = 1/30 Hz, dimensions = 2,
T = 310 K, racer = 70 nm. The dashed blue line
scales as  and the dotted blue line scales as .

10° 10’

102 107" 10° 10° 107 107
t [seconds]

1878 Biophysical Journal 112, 1874-1884, May 9, 2017

10° 10'

t [seconds]



a? b 2
15 15
@ 1 1

Intracellular Dynamics

FIGURE 3 ( versus active parameters. (a—d)
These panels correspond to (a—d) in Fig. 2. (a)
Increasing sy shortens the timescale when ( at

0.5 0.5
0 S 0
102 107" 10° 10’ 102 107"
t [seconds]
c d

t [seconds]

long timescales returns to the value of 8 at short
timescales. (b) Increasing B does not alter 8. (c)
Altering A modulates how quickly @ increases at
long timescales. (d) Altering « shifts the magni-
tude of B. The arrow indicates the direction of
increasing the parameter of interest, and the red
curve indicates the identical reference for (a—d)
with parameter values indicated in the caption
of Fig. 2.

10° 10’

107! 10° X 107"
t [seconds]

the MSDs in the perinuclear region are shifted vertically
compared to the MSDs in the lamella (37), which is consis-
tent with a change in the shear modulus coefficient B, as
shown in Fig. 2 b. Finally, suppressing motor activity via
blebbistatin or ATP depletion results in a delay (or abolish-
ment) in the onset of the enhanced power-law regime (22),
consistent with a reduction in motor power generation A, as
shown in Fig. 2 c.

We note here that there are limitations and key assump-
tions in our theoretical framework. The theory requires the
usual assumptions of passive particle tracking microrheol-
ogy (16) (with the exception of thermal equilibrium), partic-
ularly that the material being probed can be modeled as a
linear viscoelastic continuum. The shear modulus of the ma-
terial also needs to scale as a power law with frequency,
which has been shown in different cell types as well as in
cross-linked actin gels (22,29,38,39). Additionally, motor-
driven activity starts to dominate at longer timescales, typi-
cally >~0.1 s (i.e., <10 Hz), consistent with observations in
active biological gels and live cells (22,23). This effectively
enables the MSD at short time intervals to be used for inter-
preting passive cell material properties and at long time in-
tervals for interpreting active behaviors. Conditions that
deviate from these requirements will not be properly
captured in our derived model. For instance, the cytoskel-
eton can undergo phase transition through molecular disrup-
tion (17) or during embryo morphogenesis (40,41). In these
cases, the cytoskeleton becomes a multiphased material
with regions of high and low actin density that are heteroge-
neous. Our model may not be able to capture the detailed
properties of these complex cytoskeletal forms. As another
example, if a condition changes cell properties from a

10° 10"

t [seconds]

purely elastic to a Maxwell material, our model will not
be accurate as the nature of the long time behavior of the
MSD will be incorrectly attributed to motor activity rather
than creep in the material. However, if the nature of the
shear modulus is known, i.e., the form and frequency
response, and the nature of forces from molecular motors
is consistent with previous experimental measurements
(22,23,28), then it is possible to solve for the relationship
between the MSD profile of the tracer probes and the pas-
sive and active mechanical properties of the cell, as guided
by our derivation in Eqgs. 1-18. Additionally, our theoretical
model can be impacted by conditions that alter the proper-
ties of the tracer, such as the effective radius, shape, and
any boundary effects between the tracer and the cytoskel-
eton (16,42), which can confound the interpretation of intra-
cellular mechanical properties from tracer MSD data.

Microrheology of Metastatic Breast Cancer Cells
Inside a 3D Matrix

Here we investigate intracellular mechanics and dy-
namics under pathophysiologically mimicking conditions.
We perform particle tracking microrheology experiments
on MDA-MB-231 metastatic breast adenocarcinoma cells,
with and without overexpression of MenalNV, embedded
in a 3D collagen matrix. A 3D fibrillar microenvironment,
compared to a two-dimensional (2D) planar substrate, em-
bodies a closer semblance to connective tissues and the
tumor stromal matrix (43) and induces fundamentally
different mechanical characteristics in cells, from migratory
strategies to morphologies and internal organization and dy-
namics (43,44). MenalNV is an isoform of an actin-binding
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protein Mena that promotes invasion in an epidermal growth
factor EGF-dependent manner (25) and is induced to be
overexpressed by the tumor microenvironment in vivo (45).

As shown in Fig. 4, a—c, for MenaINV cells, EGF-stimula-
tion leads to an increase in MSDs at short times and a
decrease in (8 at longer times. The average 2D MSDs
data shown in Fig. 4, a and d, fit well to Eq. 14, as the
plateau region is not observed on average, and the key
parameters A, B, and « can be extracted from each condition.
Recall that A is the instantaneous power output generated
by molecular motors, B is the coefficient of the shear
modulus with a power-law frequency scaling, and « is
the power-law exponent of the shear modulus. For MenaINV
cells, A =0.17 x kgT[s"'], B = 1.19[Pa s*], and a=0,
with EGF stimulation, and A = 0.28 x kgT[s"!], B =
1.83[Pa s*], and a=0 without EGF stimulation, indicating
that EGF reduces intracellular stiffness and instantaneous
power from motor activities. Without MenalNV overexpres-
sion, the EGF-dependent internal mechanical response is
not observed, as shown in Fig. 4, d—f. These results repre-
sent, to our knowledge, novel physical characterizations,
including both passive and active properties, of metastatic
breast cancer cells under relevant pathological and physio-
logical conditions. To avoid introducing extra error due to
curve fitting, we only performed statistical analyses on
MSDs and 3-values. Additionally, there is substantial hetero-

MSD [um?]

107 10°
Time Interval [s]

o
3
o

MSD [zm?]
MSD [um?]

107! 10°
Time Interval [s]

No EGF + EGF

No EGF +EGF
Non-MenalNV

geneity in the data, as shown in Fig. S1, a—d. This could be the
result of factors such as local regions of different stiffness,
enzymatic activity, or concentration of cytoskeletal proteins,
which can give rise to qualitatively distinct MSD profiles
(39,46). We also performed statistical analyses on log(MSD)
as shown in Fig. S1, e and f. MSD data with error bars are
shown in Fig. S2. We further measured the size and shape
of the tracers (mitochondria) under the different experi-
mental conditions, which could lead to similar effects on
the MSDs as modulating B according to our theory. As shown
in Fig. S3, mitochondria sizes and shapes do not appear to be
modulated substantially enough to explain our experimental
results.

Mena is a multifunctional actin binding protein. It serves
as an anticapping protein for actin filaments, thus promoting
polymerization, and can also bundle actin (47). Upon EGF
stimulation, Mena is recruited to the leading edge of cells
and helps coordinate Arp2/3 activity and actin polymeriza-
tion (25). The invasive isoform MenalNV sensitizes cell
protrusion dynamics to EGF-stimulation, enhances chemo-
taxis toward an EGF source, and is correlated to increased
metastases in vivo (25,48). Enhanced EGF sensitivity pro-
moted by MenalNV may be due to altered signaling dy-
namics in which the tyrosine phosphatase PTP1B, which
localizes to and attenuates EGF receptors upon EGF stimu-
lation, is impaired (49). Here, our results demonstrate that in

No EGF +EGF

MenalNV MenalNV

No EGF + EGF
Non-MenalNV

FIGURE 4 Impact of EGF stimulation on MDA-MB-231 breast cancer cells with (a—c) and without (d—f) overexpression of MenaINV. (a) Average 2D
MSD of MenaINV overexpressing cells without EGF (blue) and with 5 nM EGF (red). Circles are data and curves are fits to Eq. 14. The R? values for
the fits are 0.9986 for without EGF and 0.9956 for with EGFE. (b) MSDs at r = 0.05 s without EGF (blue) (0.0076 + 0.0004 ,umz, n = 157) and with
EGF (red) (0.0116 + 0.0005 um> n = 162). (¢) 8 at t = 1 s without EGF (blue) (0.37 + 0.02, n = 157) and with EGF (red) (0.27 + 0.02, n = 162).
(d) Average 2D MSD of non-MenaINV overexpressing cells without EGF (blue) and with 5 nM EGF (red). Circles are data and curves are fits to Eq. 14.
The R? values for the fits are 0.9994 for without EGF and 0.9992 for with EGF. (¢) MSDs at 1 = 0.05 s without EGF (blue) (0.0085 + 0.0004 um?,
n =148) and with EGF (red) (0.0079 + 0.0004 um?> n = 169). (f) 8 at t = 1 s without EGF (blue) (0.45 x 0.02, n =148) and with EGF (red) (0.43 +
0.02, n = 169). Asterisk indicates p < 0.01, n is the number of particles tracked in each case, and error bars and values indicate mean *+ SE.
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a 3D environment, MenaINV overexpressing cells soften
under EGF stimulation, and interestingly, enhanced deform-
ability appears to be characteristic of more invasive cancer
cells (2,3). These results implicate that physiologically
relevant conditions exhibited by cancer cells—specifically
growth factor stimulation and altered expression of
cytoskeletal modifying proteins—can substantially impact
fundamental intracellular mechanical properties, which
may complement alterations in biochemical signaling dy-
namics toward driving metastasis.

Computational Simulations of Active Cytoskeletal
Networks

Through Brownian dynamics simulations of the active actin
cytoskeleton, we investigate the fundamental mechanical
mechanisms driving physical differences in cells in response
to EGF treatment. The computational model was previously
developed and validated to accurately capture realistic me-
chanical properties of the active actin cytoskeleton. Exten-
sive benchmarking and testing of the model and detailed
parameter values can be found in our previous work
(17,50-52). Briefly, the model consists of actin filaments,
actin cross-linking proteins (ACPs), and molecular motors
that all act as mechanical springs with bending and exten-
sional stiffnesses. They are also active and kinetic—actin
filaments can nucleate, polymerize, and depolymerize;
ACPs connect actin filaments and can bind and unbind in
response to force; and motors behave like thick myosin II
filaments that can bind to multiple sites on actin filaments
and walk along them generating internal stress in the
network. This computational model captures the basic me-
chanical and chemical features of cytoskeletal components
and simulates the resulting network behavior with many
of these components interacting dynamically with each
other. The resulting stresses and fluctuations in the global
cytoskeletal network are presumed to be the drivers of mo-
tions of tracers in microrheology experiments (9,23,28). Re-
action kinetics of cytoskeletal components, such as actin
polymerization and nucleation rates, can be precisely tuned

Intracellular Dynamics

to simulate the mechanical effects of chemical stimulation.
Previously, we demonstrated that, in addition to motor activ-
ity, actin turnover dynamics can modulate the forces and
morphologies of the cytoskeleton. Here, we analyze the po-
tential role of EGF in cytoskeletal mechanics.

EGEF treatment has been demonstrated to induce increased
actin filament nucleation (53,54). Representative simula-
tions are shown in Fig. 5 for relatively high and low
actin nucleation rates. Lower nucleation rates lead to
larger average internal stresses (Figs. 5 and 6, a and c).
Cytoskeletal stiffness has been shown to increase with
increasing prestress in these simulated cross-linked actin
networks (52), as consistent with experimental data from
rheometry measurements of prestressed and cross-linked
actin networks (38) and from magnetic cytometry in live
cells stimulated with histamine to enhance contractility
(55). Enhanced nucleation also leads to shorter average fila-
ment lengths (Fig. 6 c, inset), which can reduce the connec-
tivity of the network required for generating global internal
stress. Furthermore, stress fluctuations—undulations in
stress levels over time—that drive intracellular motions are
diminished with increasing nucleation rates (Fig. 6, b
and ¢). These results indicate that increasing nucleation rates
via EGF can lead to cytoskeletal softening and reduction
in motor-generated intracellular motions, as consistent with
our experimental microrheology results in Fig. 4, a—c. Note
that EGF is implicated in a multitude of signaling pathways
involved in cell motility and proliferation (56). Further
studies will be required to explore the full spectrum of the
impact of EGF on cytoskeletal network mechanics and
dynamics.

Additionally, we considered the normalized stress auto-
correlation function:

(S(r)S(r +1))

Normalized Stress Autocorrelation = 73 )

where () indicates average and S is the difference between
the stress and mean stress. As shown in Fig. 6 d, the stress
autocorrelation from our computational data fits well to an

FIGURE 5 Brownian dynamics simulations of
active actin networks in 3D. Networks with actin
nucleation rates of (@) 0.1 and (b) 0.01 uM ™" 571,
All simulated networks have 25 M actin, 1% ACPs
to actin, and 1% myosin II motors to actin in a 3 x
3 x 3 um® domain with periodic boundary condi-
tions. The actin turnover (treadmilling) rate is set
to 300 s’l, which is sufficient to maintain homoge-
neous rather than clustered networks in these simu-
lations. Orange represents motors, yellow represents
ACPs, and fibers represent actin filaments. The color
scale applies to the actin filaments and represents a
tensile force range from 0 (blue) to 100 pN (red).
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FIGURE 6 The impact of actin nucleation

120 1.5 o 5 11 .
i o 0.01 2Ms rates on actin network mechanics and dynamics.
100 } Ef"‘ ﬁ 1. € © 0.05 uM's™! (a) Stress profiles over time for cross-linked acto-
= 80 W/ ; ‘ 3 ’i A {“"‘ { ;ﬁ i ‘f’f‘g 3 , LL 0.1 M s myosin networks with varying nucleation rates.
¥ &I (akd 1R . .
o, Y"’%J ;& i kv‘; &y {&Wg (" (_'.3 I o 02 uMs™ All simulated networks have 25 uM actin, 1%
@ 60 ‘ g @ ACPs to actin, and 1% myosin motors to actin.
g : g 05 % The actin turnover rate is set to 300 s~ '. Stresses
n 40 s are calculated by averaging the sum of the normal
20 bt i ﬂm Whaten Moy ‘;-,«1 W sty z %L, tensile forces per unit area across eight 3 x 3 um?
A o W“& - cross sections along each dimension of the domain.
~ e BT e ; istributi i
0 x s 00 150 200 280 (_)15 _{g 5 0 5 T 0 45  (b) Normalized distributions of stress fluctuations
. ; 1 from the mean over 1 s time intervals from the
Time [s] Stress Fluctuation [Pa s™'] . .
s data shown in (a). Open circles are from computa-
c 100 = d 1 tional data and solid curves are Gaussian fits with
= ool 1 % 4 “\\ 5 AL corresponding means and SDs. (c) Average stress
a, 1\ 53 X © versus nucleation rate. Upper and lower bounds
a \ =5 N B Qo6 represent the stress fluctuations from the mean
o 60 S ) N &
5 \ g1 — g g over 1 s as calculated from the SD of each of
o 4 \\ % 0 Es 04 the stress fluctuation distributions in (b). Inset
= \\ Y 005 01 015 02 ZO i - shows average filament length versus nucleation
& ) a4 - ; . .
2 2 \g\ Nucleation Rate [xM" 5] @ rate. (d) Normalized stress autocorrelation. Open
= . . . .
< R SO H o squares are simulation data points and solid curves
0 E— are fits to exponential decays with time constants
0 005 0.1 015 02 0.25 0 10 20 30  between 3 and 5 s. In (a), (b), and (d), blue, red,

Nucleation Rate [;LM'1 s'1]

exponential decay, which supports our theoretical model
(Eq. 7) that provides insight toward the fundamental tempo-
ral and spectral nature of intracellular motor-generated
forces. These stress fluctuations play critical roles in the
active redistribution of molecules inside cells (22), which
is a crowded environment (57,58) where important mole-
cules such as ATP are potentially compartmentalized
(59,60).

CONCLUSIONS

The intracellular environment is driven by molecular motors
that agitate the cytoskeletal network. The nature of particle
motions inside the cell provides a readout of internal me-
chanical characteristics, including medium viscoelasticity
and power output and temporal coherence of molecular mo-
tor activity. Our mathematical derivations provide a means
to interpret tracer fluctuations and account for nonequilib-
rium features, enabling rich information content to be
extracted from cells in more complex, physiologically
mimicking 3D environments. We performed microrheology
experiments and applied our theory toward studying breast
cancer cell mechanics under pathological conditions and
found that growth factor stimulation can profoundly alter
intracellular mechanical behavior in cells with pathologi-
cally relevant altered isoforms of cytoskeletal modifying
proteins such as Mena. Finally, our computational simula-
tions indicate that enhanced actin nucleation due to EGF
can lead to a reduction in intracellular prestress and dimin-
ished stress fluctuations due to molecular motors, consistent
with our experimental data. The integrated theoretical,
experimental, and computational platform demonstrated
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Time Interval [s]

yellow, and purple correspond to nucleation rates
of 0.01, 0.05, 0.1, and 0.2 ,qul s respectively.

here provides a basis for elucidating fundamental intracel-
lular mechanical properties of cells under physical-chemical
modulation.

SUPPORTING MATERIAL

Three figures are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(17)30378-8.
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