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Abstract A cell’s mechanical properties are important in
determining its adhesion, migration, and response to the
mechanical properties of its microenvironment and may
help explain behavioral differences between normal and
cancerous cells. Using fluorescently labeled peroxisomes
as microrheological probes, the interior mechanical prop-
erties of normal breast cells were compared to a metastatic
breast cell line, MDA-MB-231. To estimate the mechani-
cal properties of cell cytoplasms from the motions of their
peroxisomes, it was necessary to reduce the contribution of
active cytoskeletal motions to peroxisome motion. This was
done by treating the cells with blebbistatin, to inhibit myosin
II, or with sodium azide and 2-deoxy-D-glucose, to reduce
intracellular ATP. Using either treatment, the peroxisomes
exhibited normal diffusion or subdiffusion, and their mean
squared displacements (MSDs) showed that the MDA-MB-
231 cells were significantly softer than normal cells. For these
two cell types, peroxisome MSDs in treated and untreated
cells converged at high frequencies, indicating that cytoskele-
tal structure was not altered by the drug treatment. The MSDs
from ATP-depleted cells were analyzed by the generalized
Stokes—Einstein relation to estimate the interior viscoelastic
modulus G* and its components, the elastic shear modulus
G’ and viscous shear modulus G”, at angular frequencies

Electronic supplementary material The online version of this
article (doi:10.1007/s10237-015-0677-x) contains supplementary
material, which is available to authorized users.

B George Holzwarth
gholz@wfu.edu

Department of Biochemistry and Molecular Biology,
Wake Forest University School of Medicine, Winston-Salem,
NC 27157, USA

Department of Physics, Wake Forest University,
Winston-Salem, NC 27109, USA

between 0.126 and 628 rad/s. These moduli are the material
coefficients that enter into stress—strain relations and relax-
ation times in quantitative mechanical models such as the
poroelastic model of the interior regions of cancerous and
non-cancerous cells.
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1 Introduction

Cells’ mechanical properties influence how they deform,
adhere, and sense the mechanical properties of their microen-
vironment. A better understanding of cell mechanics and
migration may lead to novel treatments of diseases, such as
metastatic cancer (Suresh 2007; Butcher et al. 2009; Schedin
and Keely 2011). Breast cells are an attractive model for
mechanics studies because mammary gland formation and
function depend on dynamic microenvironment mechanics,
and normal cells from primary human breast tissue and well-
characterized, transformed cancerous breast cells are both
readily available (Elenbaas et al. 2001; Paszek et al. 2005;
Nagaraja et al. 2006; Butcher et al. 2009; Schedin and Keely
2011). The primary question addressed in this paper is “Do
the shear moduli G*, G’ and G” of normal human breast cells
differ from the moduli of cancerous breast cell types that are
in progressive stages of neoplastic transformation?”

These experiments were designed to compare the interior
mechanical properties of normal, tumorigenic, and metasta-
tic breast cells. For “normal breast cells,” human mammary
epithelial (HME) cells were used at low passage num-
ber. To represent non-metastatic, “tumorigenic breast cells,”
we acquired HME cells that were stably transfected with
hTERT, oncogenic H-rasV12, and the SV40 large-T onco-
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gene (Elenbaas et al. 2001). The hTERT gene encodes a
telomerase subunit which maintains telomeres for indefinite
cell division, the SV40 large-T oncogene inactivates the p53
and pRB tumor suppressor pathways, and H-rasV12 pro-
vides constitutive mitogenic signaling (Elenbaas et al. 2001).
Notably, oncogenic Ras also leads to the disruption of stress
fibers (Choi and Helfman 2013). Finally, the MDA-MB-231
cell line was selected to represent breast cells with high
metastastic potential, hereafter “metastatic breast cells.” For
convenience, we refer collectively to the tumorigenic and
metastatic cells as “cancerous breast cells” throughout the
remainder of the paper.

Several techniques are being used to determine the mod-
uli E, G*, G’, and G” of cells, where E refers to the Young’s
modulus. Techniques that probe from the outside, including
atomic force microscopy (AFM), micropipette aspiration,
and magnetic twisting cytometry, appear to measure the
modulus of the cell cortex, which is composed primarily of
actin fibers (Hoffman et al. 2006). By contrast, active and
passive particle-tracking microrheology measures the mod-
uli of the cell interior (Hoffman et al. 2006; Bursac et al.
2005; Gal and Weihs 2012; Wirtz 2009; Bertseva et al. 2012;
Guo et al. 2013). Within the context of a poroelastic model
(Moeendarbary et al. 2013), the external probes measure the
mechanical properties of the porous elastic solid phase, while
microrheology measures the moduli of the crowded intersti-
tial fluid and its smaller cytoskeletal components, which are
the poroelastic fluid phase. The moduli determined by the
two experimental approaches differ by several orders of mag-
nitude because they measure the mechanical properties of
different components of the cell. The experiments presented
here use passive microrheology to determine the mechanical
properties of the interstitial fluid phase within normal and
metastatic breast cells.

The passive probes used in these experiments were fluo-
rescently labeled peroxisomes. These ubiquitous organelles
are involved in fatty acid catabolism and neutralization of
harmful cellular by-products such as hydrogen peroxide.
They were labeled by transducing cells with a construct
whose expression generates GFP fused to a peroxisomal
targeting sequence (Invitrogen). Peroxisomes have sev-
eral advantageous features as rheological probes: They are
endogenous, thus minimizing cell perturbation; are approx-
imately spherical, which simplifies the analysis; have a
relatively narrow size distribution; are rarely actively trans-
ported, which would violate assumptions of the analysis; and
are rich in antioxidant enzymes, which may reduce photo-
bleaching of the GFP.

Three sources of peroxisome motion have been identified
in cells: (a) directed, ATP-driven motion, (b) ATP-driven
random motion, and (c) thermally driven random motion.
Figure la, b, and c shows these three processes pictorially.
Only a small fraction (5-15 %) of peroxisomes experience
“saltatory, fast directional movement” (Wiemer et al. 1997,
Schrader et al. 2000, 2003). Such fast directional motion
(Fig. 1a) is caused by kinesin- or dynein-driven transport
of the peroxisomes along microtubules (Rapp et al. 1996;
Wiemer et al. 1997; Schrader et al. 2000, 2003; Kural et al.
2005). Random peroxisome motion, on the other hand, can
arise from ATP-driven cytoskeletal motion (Fig. 1b) or by
thermal energy (true Brownian motion, Fig. 1c) (Hoffman
et al. 2006; Bursac et al. 2005; Van Citters et al. 2006; Bur-
sac et al. 2007; Mizuno et al. 2007; Brangwynne et al. 2008,
2009; Gallet et al. 2009).

A number of experimental and data-processing approaches
have been developed to determine whether a track, or a
segment of a track, is type a, b, or c. For peroxisomes
in breast cells, type a motion is rare and obvious to the
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Fig. 1 Three sources of peroxisome motion. a Directed motion
occurs when ATP-powered kinesin or dynein motors pull the perox-
isomes along microtubules. b ATP-driven but random motion leads to
cytoskeletal filament motion which indirectly contributes to peroxisome
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motion. Myosin II activity between actin filaments is shown; ¢ Ther-
mally driven random motion is the sole source of random peroxisome
motion if all direct and indirect ATP-powered processes can be shut
down
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eye, so such tracks can be manually identified or detected
by image processing. However, separation of type b from
type ¢ motions is difficult and controversial, because both
types are random in direction. One approach is to treat cells
with sodium azide and 2-deoxy-D-glucose. Sodium azide
inhibits the enzymes necessary for oxidative phosphoryla-
tion (Ishikawa et al. 2006) and 2-deoxy-D-glucose inhibits
glycolysis (Wick et al. 1957). Used together, cellular ATP
levels can be reduced to 1-8 % of normal in breast cells. If
active cellular processes are sufficiently suppressed by such
treatment, the remaining random peroxisome motion is due
primarily to thermal energy (Bursac et al. 2005; Hoffman
et al. 2006; Gallet et al. 2009; Guo et al. 2014a). In this case,
the viscoelastic modulus of the cytoplasm can be determined
from the mean square displacements (MSDs) and the gener-
alized Stokes—Einstein equation (Mason 2000; Squires and
Mason 2010).

Use of the GSE equation to determine G” and G” of live
cells in this way is controversial. The major criticism has
been that treatment of cells with sodium azide or blebbistatin
cannot possibly remove all non-thermal contributions to the
MSD without causing significant damage to the cells (Gal
et al. 2013). We addressed this concern in three ways. First,
we measured the effects of two azide concentrations and three
blebbistatin concentrations on the MSDs and apparent G*
values. Second, we used the convergence of the MSDs of
peroxisomes in treated and untreated cells at high frequencies
as a test of whether cell damage was significant (Mizuno et al.
2007; Guo et al. 2014a). If the MSDs converged, we used the
GSE equation to evaluate G*, G/, and G” by GSE for that
cell line. If the MSDs did not converge, the GSE equation
was not applied. Third, where published data are available,
we have compared our moduli to moduli obtained by active
microrheology, which does not depend on the use of GSE or
drug treatment. Although agreement is not perfect, it is close,
given that the cell lines are not identical. Our view is that
useful data can be obtained from GSE analysis in this way.

2 Methods
2.1 Cell culture

Normal HME cells were obtained from Lonza (Walkersville,
MD). Tumorigenic non-metastatic human mammary epithe-
lial (HMLER) cells developed in the Weinberg laboratory
(Elenbaas et al. 2001) were provided by Karin Scarpinato.
Metastatic HME (MDA-MB-231) cells were obtained from
the American Type Culture Collection (ATCC, Manassas,
VA). Normal, tumorigenic, and metastatic breast cells were
cultured in mammary epithelial growth medium (MEGM)
supplemented with 0.4 % bovine pituitary extract (Lonza) at
37 °C with 5 % CO,. Two or three days before imaging, either

Fig. 2 Overlay of DIC and fluorescence images to show cell morpholo-
gies and peroxisome distribution in a normal, b tumorigenic, and ¢
metastatic breast cells, all grown on laminin—collagen-coated glass sur-
faces. The DIC images (grayscale) show an entire cell and several of its
neighbors; the edge of the cell is labeled with a blue line. GFP-labeled
peroxisomes appear as punctate green spots in the overlaid fluorescence
image. The scale bar shown in (a) applies to (b) and (c) as well

80,000 (normal and metastatic) or 160,000 (tumorigenic)
cells were plated in 35-mm glass-bottom dishes (WillCo
Wells, Amsterdam). The dishes were coated with 100 L1 of a
33 ng/ml collagen type IV (BD Biosciences, Franklin Lakes,
NJ), 67 wg/ml laminin mixture (Engelbreth-Holm-Swarm
murine sarcoma, Sigma-Aldrich, St Louis, MO) to mimic
the composition of a basement membrane. To fluorescently
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label peroxisomes with GFP, 10 1 BacMam 2.0 peroxisome-
GFP reagent (Life Technologies, Carlsbad, CA) was added
to each dish 1day before imaging. Figure 2 shows the mor-
phologies of individual normal, tumorigenic and metastatic
cells and the distribution of GFP-labeled peroxisomes.

2.2 Myosin II inhibition and ATP depletion

To test for the presence of ATP-driven motion in the MSDs
of peroxisomes, cells were treated on imaging days with
either (—)-blebbistatin (Sigma-Aldrich), a specific inhibitor
of myosin II (Limouze et al. 2004; Kovacs et al. 2004;
Allingham et al. 2005) or sodium azide (Sigma-Aldrich) and
2-deoxy-D-glucose (Sigma-Aldrich), which together inhibit
cellular ATP production by inhibiting enzymes necessary for
oxidative phosphorylation (Ishikawa et al. 2006) and gly-
colysis (Wick et al. 1957), respectively. Blebbistatin was
dissolved in dimethylsulfoxide (DMSO, Sigma-Aldrich) at
a concentration of 2.5 mM, then diluted into MEGM so that
final cell treatment concentrations were 2.5, 5, and 10 uM
in 0.1, 0.2, and 0.4% DMSO, respectively. Control cells
were treated with 0.4 % DMSO. Blebbistatin-treated cells
were imaged 15 min to 1 h after treatment. For ATP depletion
experiments, other cells were treated with media or one of two
concentrations of sodium azide and 2-deoxy-D-glucose 3—-6h
before imaging. Cells were either treated with 2mM sodium
azide and 2 mM 2 deoxy-D-glucose (hereafter, “low azide™)
or §mM sodium azide and 50 mM 2-deoxy-D-glucose (“high
azide”), since both of these concentrations have been used
for ATP depletion in previous studies of active cytoskeletal
motion (Bursac et al. 2005; Hoffman et al. 2006).

The morphologies of normal cells appeared unaffected
by sodium azide and 2-deoxy-D-glucose. The tumorigenic
cells appeared more rounded when treated with high azide.
Similarly, the metastatic cells rounded up in high azide.

2.3 Fluorescence videomicroscopy

Cells were maintained at 37°C and 5% CO; while being
imaged by a Nikon Eclipse Ti inverted epifluorescence
microscope using a 60x NA 1.4 oil-immersion objective.
DIC images were acquired using the same objective, and
the condenser for these was NA 0.9 (WI). Illumination was
provided by an X-Cite 120 mercury arc lamp with a FITC
fluorescence cube. Three fields of view were imaged per
dish of cells. To reduce GFP photobleaching but still acquire
images over 100s, an automated shutter (Uniblitz VS25,
Vincent Associates) was inserted into the fluorescence exci-
tation light path, so that the dish was illuminated in ten 1-s
bursts separated by nine 9-s dark intervals. A high-speed
scientific CMOS camera (pco.edge, PCO, Kelheim, Ger-
many, 6.5 um x 6.5 um pixel size) was synchronized with
the shutter by two linked Tektronix 5101 Arbitrary Function
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Generators to acquire 100 images during each 1-s burst. This
shuttering scheme gave MSDs with 7 values between 0.01
and 1 s and between 10 and 90 but left a gap between 1 and
10s.

2.4 Peroxisome tracking to determine MSD and
modulus

Individual peroxisomes were tracked to subpixel precision,
using Video Spot Tracker software (CISSM, University of
North Carolina, Chapel Hill, NC). Online Resource 1 is
a short movie showing random motion of several peroxi-
somes and the software’s ability to track one of them. The
coordinates were then processed by customized MATLAB
software (The Mathworks, Natick, MA) to remove stage drift
and/or cell migration artifacts from peroxisome tracks and
then determine the mean MSDs of each peroxisome. For
drift removal, the mean x- and y-coordinates of all perox-
isomes in a field of view or migrating group of cells was
subtracted from the raw peroxisome coordinates, for each
frame. Time-averaged MSDs, Ar?(7), were determined from
these drift-corrected tracks, as follows:

AP (@) =(x(t+0)—xOP + Iyt +1) —y®OF) (1)

where 7 15 0.01 to 90 s. Peroxisome MSDs from sodium azide
or blebbistatin-treated cells were used to determine |G*|, the
magnitude of the viscoelastic modulus (G*), using Mason
and Weitz’s generalization of the Stokes—Einstein equation
(GSE) as follows:

2kgT
37RAP (L) Mo (w) + 11

1G* (0) | = @)

where kp is Boltzmann’s constant, 7T is temperature in K, R
is the radius of the peroxisome, w is the angular frequency
2 /7, a is the slope of the log—log plot of the average MSDs
vs. T, and I" is the gamma function (Mason 2000; Squires and
Mason 2010). This equation employs a Laplace transform
that converts the MSD time domain range of 0.01-90s to a
frequency domain range of 0.126—628 rad/s for computed
values of G*.

The value of the peroxisome radius was determined by
fitting a 2D symmetrical Gaussian to the fluorescent intensi-
ties, I (x, y), of individual peroxisomes (Online Resource 2)
as follows:

_ (g=02+(0-9)?

I(x,y) = Ae 202 —-b 3)

where xg and yg locate the center of the Gaussian, o is the
width of the Gaussian, A is its amplitude, and b is its baseline.
The width of the Gaussian, o, was assumed to be a good
approximation for R.
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The average radius determined from 240 peroxisomes was
191 £ 42nm; there was no significant difference between
the average radii of peroxisomes in different cell types, nor
between cells subjected to different treatments. Since this
radius was less than the wavelength of light, we checked
whether it might have a significant systematic error due
to the point spread function (PSF) of the objective lens.
The width of a Gaussian approximation to the PSF of a
60x NA 1.4 wide-field objective collecting 509 nm light is
80nm (Zhang et al. 2007). It is shown in Online Resource
3 that correcting the measured size of peroxisomes for this
PSF decreases the mean size from 191 to 179 nm, a change
of 7%. This correction was ignored because of its small
value. The elastic (G’) and viscous (G”) components of the
viscoelastic modulus were determined as follows (Mason
2000):

G'(@) = |G*(@)eos (S (@) )

" * . T
G" () = |G*(w)]sin (Ea(w)) (5)

Software to evaluate G*, G’, and G” for each peroxisome
from measured values of Ar2 (r) and R (Eq. 2) was written
in MATLAB.

2.5 ATP assay

Normal, tumorigenic, and metastatic breast cells were incu-
bated for 3h in either phenol red-free MEGM (Lonza) as
the control condition, or with low azide (2mM sodium
azide and 2mM deoxy-D-glucose) or high azide (8§ mM
sodium azide and 50 mM 2-deoxy-D-glucose) added to this
MEGM medium. Cells were trypsinized, resuspended in
the same media, and assayed in a white 96-well plate
(Corning, Corning, NY) using the Adenosine 5’'-triphosphate
bioluminescent somatic cell assay kit (Sigma-Aldrich cat.
no. FLASC). Cell samples were read using a well inte-
gration time of 10 s in a Perkin Elmer Enspire 2300
luminometer within 10 min of luciferase/luciferin assay mix
addition. The percentage of ATP remaining in low- and
high-azide-treated samples was determined from a ratio of
their averaged relative luminescence units (RLU) compared
to those of control samples. Each cell type and treat-
ment combination was assayed in technical triplicate, and
for normal and tumorigenic cells, biological duplicate as
well.

After high-azide treatment of the cells on poly-D-lysine-
coated flasks, normal cells appeared to have ruffled lamel-
lipodia, and normal, tumorigenic, and metastatic cells did
not round up normally upon trypsinization, but peeled off
the flask surface retaining their spread morphology.

2.6 Error analysis
2.6.1 Statistical error

For each peroxisome track, a time-averaged MSD was
acquired for time intervals T ranging from 0.01 to 90s. These
time-averaged MSDs were then ensemble-averaged over 94—
587 peroxisome tracks. To assure representative sampling,
the tracks were acquired from peroxisomes in 21-51 cells
over three different experiment days for most conditions.
The resultant time and ensemble-averaged MSDs and vis-
coelastic moduli are shown in Figs. 3, 4, 5, 6 and 7. Error
bars shown in these figures are standard error of the mean,

SE= 2 6

= n (6)
where o is the ensemble-averaged standard deviation of per-
oxisome MSDs or moduli at a given value of 7 or frequency
for a given condition, and » is the number of peroxisomes
analyzed.

The distribution function for the MSD of a particle exe-
cuting Brownian motion is not a normal distribution (Saxton
1997; Grebenkov 2011). Examination of the distributions of
the measured MSDs generated by different peroxisomes in a
given cell type and treatment showed pronounced skewness
and curtosis; examples are given in Online Resource 5. As a
consequence, the statistical significance of differences in the
mean MSDs of the three cell types could not be evaluated by
the usual Student’s ¢ test, which requires normal distributions.
However, a two-sample rank procedure such as the Mann—
Whitney U test does not require that the data be normally dis-
tributed in order to assign a p value (Pratt and Gibbons 1981).
The Mann—Whitney procedure in SPSS software (IBM,
Armonk, New York) was applied to pairs of MSD distrib-
utions to determine whether they were statistically indistin-
guishable (p > 0.05) or significantly different (p < 0.05).

In addition, bihistograms of the MSDs (Online Resource
5) were generated to assess whether the distributions were of
similar shape. Because they were similar, the Mann—Whitney
test was also used to evaluate whether the medians of the
MSDs of cell lines were significantly different.

2.6.2 Systematic errors in MSD, G*, G', and G"

Inspection of Eqs. 2-5 identifies additional possible sources
of experimental errors. To evaluate the MSD, one needs
a conversion factor between camera pixels and sample xy
space. This was determined to three figures with a stage
micrometer. Time was determined from frame number and
frame rate; frame rate was 100 frames/s; the error was <1
frame/s, 1 %. Thus errors in MSD were largely statistical and
were reduced by averaging hundreds of MSDs. Inspection of
Eq. 2 shows that the error in G* is determined by errors in
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the MSD and in «, the slope of a log—log plot of MSD ver-
sus 7. For a single-particle MSD, the value of « fluctuated
unphysically from one value of t to the next. The unphysi-
cal oscillations were eliminated by averaging the MSDs of
many particles and then smoothing the averaged MSD with
a cubic smoothing spline (MATLAB). These averaged and
smoothed values of & were used to obtain G* from Eq. 2 as
well as G" and G” from Egs. 4 and 5.

An additional test of our methods, especially software,
was provided by tracking the Brownian motion of beads in
water, then analyzing the data by our GSE code to check
whether the well-documented viscosity of water was recov-
ered. The viscosity was determined from 0.40 pm diame-
ter Fluoresbrite Carboxylate YG polystyrene microspheres
(Polysciences, Warrington, PA) suspended in PIPES buffer
(80mM 1,4-piperazinediethanesulfonic acid) supplemented
with 7.8% KCI to match the microsphere density. The
measured viscoelastic moduli obtained for beads in buffer
matched the values of G* computed from the handbook value
of the viscosity of water at 20°C (n = 1.00 x 1073 Pas)
(Lemmon 2014). Figure R4 in Online Resource 4 shows the
results. The excellent agreement between our experimental
method and the well-documented Handbook value is addi-
tional evidence that our implementation of particle tracking
and GSE works properly in simple systems.

2.6.3 Noise floor

To ensure that the measured MSDs were not contaminated
by microscope stage motion or vibration of the detector chip,
the noise floor of the system was determined by imaging
negatively charged 0.40 wm carboxylate-modified fluores-
cent beads adhered to the surface of a positively charged

aminopropyltriethoxysilane-coated glass-bottom dish. The
measured MSD, shown in Fig 3, was 1.0 x 107 um?
independent of t. This noise amplitude fell well below
the measured MSDs computed from peroxisome position
(roughly 1073-10° wm? for all 7) and thus noise from stage
and detector vibration contributed minimally to these mea-
surements.

3 Results

3.1 ATP depletion reduced the MSDs of peroxisomes at
long timescales

Normal and cancerous breast cells were treated with 0, 2, or
8 mM sodium azide plus 0, 2, or 50 mM 2-deoxy-D-glucose.
As described in Materials and Methods, images of the cells
were acquired, and peroxisomes in the images were tracked
using Video Spot Tracker; tracks exhibiting fast directional
movement were discarded. MSDs were calculated from the
remaining tracks using Eq. 1, with time interval t ranging
between 0.01 and 90 s. Figure 3 shows the MSDs for the three
cell types and three conditions after averaging data from 94
to 519 peroxisomes for each condition. MSDs for the nor-
mal cells are shown in Fig. 3a. At t = 0.01 s, the MSD is
approximately 8 x 10™* um? regardless of the sodium azide
and 2-deoxy-D-glucose concentration. This shows that the
observed MSD was largely of thermal origin at t = 0.01s.
In contrast, at longer time intervals, e.g., when T = 90, the
MSD dropped from 8 x 10~ to 6 x 10~3 um? with increasing
sodium azide and 2-deoxy-D-glucose concentration (Fig. 3a;
Online Resource 6). This means that at large values of 7, the
MSDs of peroxisomes in control cells were dominated by

100 Normal Tumorigenic Metastatic
a j b . c Q P
\Q F y ; ! / -4 /
107 1 // /, 7
N trol o ]
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Fig. 3 The effect of ATP depletion on the MSDs of peroxisomes in
a normal, b tumorigenic, and ¢ metastatic cells. Cells were either
untreated controls (solid line), treated with low azide (2mM sodium
azide +2mM 2-deoxy-D-glucose, long dashed line) or treated with high
azide (8 mM sodium azide+50 mM 2-deoxy-D-glucose, short dashed
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ATP-driven processes. A similar result is shown for metasta-
tic cells (Fig. 3c).

A luciferase-based ATP assay showed that ATP levels in
the cells treated with high azide were only 1-8 % of those
of controls. However, ATP levels for low-azide-treated cells
were 81-130 % of control ATP levels, which was higher than
anticipated. It has been shown that the high-azide treatment
leads to rearrangement of the actin cytoskeleton in monkey
kidney epithelial cells (Van Citters et al. 2006). On the other
hand, the MSDs of peroxisomes in ATP-depleted normal
HME cells converged around t = 0.1s (Fig 3a). This is evi-
dence that the cytoskeleton of these cells was not altered by
the treatment with low or high azide (Mizuno et al. 2007; Guo
et al. 2014a). Peroxisomes in metastatic cells behaved sim-
ilarly (Fig 3c). However, peroxisomes in tumorigenic cells
(Fig 3b) behaved differently; the MSD did not converge at
small values of t. This suggests that azide treatment caused
substantial changes to the cytoskeleton of our tumorigenic
cells.

3.2 Myosin II motor inhibition reduced peroxisome
MSDs at long timescales

It has been suggested that active peroxisome motion arises
from motions of the actin cytoskeleton, and that these
motions arise from ATP-powered myosin II motors (Van
Citters et al. 2006; Gallet et al. 2009; Brangwynne et al.
2009). To test this hypothesis, we treated all three breast cell
types with blebbistatin, a specific inhibitor of myosin II. A
dose-dependent decrease in peroxisome MSDs was evident
in all three (Fig. 4), supporting the hypothesis that myosin
[I-driven movement of the actin cytoskeleton is a source of
peroxisome motion. As observed with sodium azide and 2-
deoxy-D-glucose treatment, blebbistatin did not reduce the
MSDs of normal and metastatic cells at short values of 7.

3.3 After inhibition of active processes, peroxisome
MSDs were significantly larger in cancerous breast
cells than in normal breast cells at long timescales

Figure 5 and Table 1 compare the MSDs of the three cell
types treated with azide and blebbistatin at a particular time
interval, T = 90s. Because the distributions of the MSDs
are broad and asymmetric, the Mann—Whitney U test was
used to test for significant differences between normal and
tumorigenic cells, and between normal and metastatic cells.
The results of the Mann—Whitney test are comparable to the
impression given by the standard error bars in Fig. 5. In the
absence of sodium azide and 2-deoxy-D-glucose treatment,
there was no significant difference between MSD distribu-
tions in the three cell types (Fig. 5a). These control MSDs
are the sum of thermal and ATP-driven contributions. In the
presence of low azide, MSDs were reduced in all three cell
types, and the difference between MSDs in normal and can-
cerous cells was statistically significant (p < 0.005). In
the presence of high azide, MSDs were reduced more dra-
matically, but remained significantly higher (p < 0.005) in
metastatic cells than in normal cells (Table 1). The fact that
peroxisome MSDs were significantly higher in metastatic
cells than in normal cells when active intracellular processes
were reduced by ATP depletion suggests that these cells
have differences in cytoplasmic mechanical properties, not
just differences in motor activity. Specifically, peroxisome
motion was less hindered by the cytoplasm in metastatic cells.

In Fig. 5b, the contribution from myosin II activity to the
MSDs (the difference between control and 10 M blebbista-
tin bars) was larger for the tumorigenic cells than for normal
or metastatic cells. Such heightened motor activity in tumori-
genic cells has also been observed in MCF-7 cells, another
tumorigenic breast cell line (Guo et al. 2014a). In addition,
there was a significant increase (p < 0.005) in myosin II-
independent motion (10 wM blebbistatin bars) from normal
to tumorigenic and from normal to metastatic cells (Table 1).

Normal Tumorigenic Metastatic
100
a 7 b Control N c Control ——>
S0 Control ——> 2.5 ,MBleb — 57 #| 2.5 uM Bleb ——%
€ 2.5 uM Bleb ——> 5 M Bleb i 5 uM Bleb —
5102 5uMBleb —=57% 10 uM Bleb, 7y, 10 uM Bleb —2%
e _ - , ot
g 0 uMBleb —22 ~ 7 s 57C . 7 %
-3 - =7
10° 5 — -~ ==
104
102 10 100 10! 102102 10" 10 10" 102102 10" 10° 10! 102
(s) T(s) (s)

Fig. 4 The dose-dependent effect of myosin II inhibition by blebbis-
tatin on peroxisome MSDs in a normal, b tumorigenic, ¢ metastatic
cells. Cells were treated for 15min—1h with one of the following in
MEGM: (1) 0.4 % dimethylsulfoxide (DMSO) vehicle (solid line), (2)

2.5 WM (—)-blebbistatin (long dashed line), (3) 5 .M (—)-blebbistatin
(dash-dot), or (4) 10 WM (—)-blebbistatin (short dashed line). Error
bars represent standard error of the mean (Eq. 6), where n is the num-
ber of peroxisomes (177-587) analyzed for each condition
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Fig. 5 Comparison of ensemble average peroxisome MSDs for 1 =
90 s in normal (checkered), tumorigenic (striped), and metastatic (solid)
cells. a The three groups show MSDs in control cells, cells treated
with low azide (2mM sodium azide +2 mM 2-deoxy-D-glucose), and
cells treated with high azide (§ mM sodium azide+50mM 2-deoxy-
D-glucose). b The two groups show the MSDs in control cells (with
DMSO) and in cells treated with 10 uM (—)-blebbistatin. Error bars
represent standard error of the mean (Eq. 6). The * represents a signifi-
cant difference (p < 0.005)

3.4 The viscoelastic moduli of metastatic breast cells
were lower than those in normal breast cells

To address the hypothesis that cancerous breast epithelial
cells have lower viscoelastic moduli than their normal coun-
terparts, peroxisome MSDs from normal and metastatic
ATP-reduced cells were used to determine apparent moduli
|[AM*| and viscoelastic moduli |G*| from Eq. 2, the gen-
eralized Stokes—Einstein equation. Use of Eq. 2 requires
that the MSDs of endogenous particles of ATP-reduced
cells are dominated by thermally driven motion and that
the cytoskeletal structure of the cells is not changed by the
drug treatment. It has been suggested that convergence of
the MSDs from drug-treated and untreated cells is evidence
that drug treatment has not altered the cytoskeleton (Mizuno
et al. 2007; Guo et al. 2014a). The MSDs of high-azide-
treated and untreated cells did converge at small t for the
normal cells and the metastatic cells, but not for the tumori-
genic cells (Fig. 3). In addition, the large reduction in ATP
concentrations after high-azide treatment suggested that non-
equilibrium peroxisome motions are largely suppressed in
high azide. For these reasons, we have applied GSE analy-
sis to the high-azide MSD data, obtaining the mechanical
modulus G* (Fig. 6d).

For the purpose of comparison, the MSDs in control,
blebbistatin, and low-azide conditions were used to deter-
mine apparent moduli even though peroxisome motion in
these conditions was still driven, to varying degrees, by ATP-
powered processes. To avoid confusion with G*, we use the
symbol AM*.

Table 1 p value results of the

Mann-Whitney U test for Treatment Median MSD (um?) for 7 = 90's (l.) P val}le for 2) P value for
differences between the MSD distributions medians
distributions of normal and Normal Tumorigenic Metastatic
tumorigenic cells, and of normal
and metastatic cells, at 7 = 90 s Figure 5a
Control 0.2730 0.3126 0.278 0.457
0.2730 0.3257 0.483 0.273
Low Azide 0.0190 0.1626 <0.005 <0.005
0.0190 0.1888 <0.005 <0.005
High Azide 0.0022 0.0025 0.480 0.420
0.0022 0.0074 <0.005 <0.005
Figure 5b
Control (DMSO) 0.1640 0.5061 <0.005 <0.005
0.1640 0.3985 <0.005 <0.005
10 uM Bleb 0.0291 0.1236 <0.005 <0.005
0.0291 0.2743 <0.005 <0.005

The last two columns in the table give (1) p values for comparing the distributions of MSDs for each pair of
cell types, and (2) p values for comparing the median MSDs for each pair of cell types. Values in bold
indicate a statistically significant difference (p < 0.005)
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Fig. 6 Viscoelastic moduli (|G*|) and apparent moduli (JAM*|) of
normal (solid line) and metastatic (short dashed line) breast cells deter-
mined from peroxisome MSDs. Cells were either a untreated, b treated
with 10 WM (—)-blebbistatin for 15min-1h, ) treated with low azide
(2mM sodium azide +2 mM 2-deoxy-D-glucose) for 3—6h, or d treated
with high azide (§ mM sodium azide + 50 mM 2-deoxy-D-glucose) for
3-6h. Error bars show standard error of the mean (Eq. 6)
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Fig. 7 Elastic (solid line) and viscous (dashed line) components of
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blebbistatin, b low azide, ¢ high azide. The circles (O) and triangles (A)
are measurements of G’ and G” by active microrheology for beads in
benign MCF-10A cells (Guo et al. 2014a). Error bars show the standard
error of the mean
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Fig. 8 Elastic (solid line) and viscous (dashed line) components of
AM* and G* for metastatic breast cells treated with a 10 uM (—)-
blebbistatin, b low azide, or ¢ high azide. The circles (O) and triangles
(A) are measurements of G” and G” by active microrheology of beads
in malignant MCF-7 breast cells (Guo et al. 2014a). Error bars show
the standard error of the mean

Figure 6 shows plots of |G*| and |[AM*| for the normal
and metastatic cell types and three treatments, as well as
controls, for frequencies between 0.126 and 628rad/s. The
viscoelastic moduli increased from low shear frequencies to
high shear frequencies in all cases. Treatment with azide or
blebbistatin increased the apparent moduli by several orders
of magnitude at low shear frequencies, flattening the curves.
After treatment with high azide, curves for G* were nearly
flat. After partial inhibition of active processes (Fig. 6b, c),
the apparent viscoelastic moduli of the metastatic cells were
approximately an order of magnitude smaller than those of
normal cells at low shear frequencies (e.g., w = 0.126 rad/s).
The viscoelastic moduli of metastatic cells were approxi-
mately half those of normal cells at high shear frequencies
(e.g.,w = 628.32rad/s). After treatment with high azide, the
viscoelastic modulus of metastatic cells at @ = 0.126rad/s
was half that of normal cells, and at @ = 628.32rad/s, still
less than normal cells by more than the standard error. Thus,
the intracellular viscoelastic moduli of metastatic cells were
lower than normal cells, at all shear frequencies from 0.126
to 628 rad/s.

Figures 7 and 8 show the elastic and viscous moduli of
AM*, and G* for normal and metastatic cells, respectively.
In the presence of blebbistatin and low azide, AM’ and AM”
showed strong dependence on w for both cell types. For cells
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treated with high azide, however, the curves for G’ and G”
were flatter and the elastic modulus dominated over the vis-
cous modulus at nearly all frequencies. The absolute values
of G’ and G” were slightly lower for metastatic cells than for
normal cells, confirming conclusions reached from the MSD
curves.

As a test for the validity of our results, which required
application of the GSE equation and ATP depletion, we added
to Figs. 7 and 8 values of G’ and G” determined by active
microrheology in two cell lines similar to our normal and
metastatic cells (Guo et al. 2014a). These measurements
do not use the GSE equation or drug treatment. We have
converted Guo et al’s values of the cytoplasmic spring con-
stants K’ and K” to G’ and G” using the Stokes relation
K = 67 GR, where R is the bead radius. The similarity of the
values of G’ and G” obtained by active and passive microrhe-
ology supports the reliability of the mechanical properties we
have measured.

4 Discussion

Peroxisome MSDs in untreated cells determined here are
comparable to MSDs in previous studies of similar cell types
(Table 2). The effects of a variety of drug treatments on MSDs
of particles in the interior of breast cells have also been stud-
ied previously (Goldstein et al. 2013). The purpose of that

Table 2 Comparison of MSDs of particles in untreated breast Cells

study was to understand mechanisms of particle transport;
viscoelastic moduli were not reported.

A recent study by Guo et al. (2014a) uses active microrhe-
ology to determine the mechanical properties of several cell
lines. Laser tweezers are used to oscillate microinjected
500 nm beads in the cytoplasm. The responses of the beads
allow the calculation of G’ and G” without invoking the
GSE equation. The values of G’ and G” obtained for MCF-
10A (benign) and MCF-7 (malignant) breast cells are shown
in Figs. 7 and 8. The log-log slopes of G’ for our normal
and metastatic cells, 0.10 and 0.12, are similar to those in
the MCF-10A and MCF-7 cells, 0.19 and 0.20. Noting that
the cell lines are not identical, the agreement between G’
and G” measurements acquired by passive microrheology
in ATP-depleted cells and active microrheology in untreated
cells supports the validity of our use of passive microrhe-
ology and the GSE equation if ATP depletion is carefully
executed.

While our MSDs are comparable to MSDs previously
determined by particle-tracking experiments in breast cells,
our values of G are several orders of magnitude smaller than
measurements by AFM indentation (500-2000 Pa) even on
the same cell types (Li et al. 2009; Lee et al. 2012; Network
TPS-OC 2013; Guo et al. 2014b). The discrepancy proba-
bly arises because these techniques probe distinct structures
within the cell. The poroelastic model of cell mechanics
provides one way to bring the two results together into a

Breast cell type Author Probe size Probe introduction Tau range (s) MSD range (nm?)
method
HMEC (benign, not This work ~ 400 nm Endogenous?® 0.01-90 0.0008-0.7
immortalized)
MCF-10A (benign) Guo et al. (2014b) 500nm Microinjection 0.01-20 0.002-0.02
Network TPS-OC (2013) 100nm Ballistic Injection 0.03-10 0.0004-0.05
Gal and Weihs (2012) 200nm Endocytosis 0.02-60 0.00002-0.1
Li et al. (2009) ~ 500 nm Endogenousb 0.04-9 0.001-0.009
200nm Ballistic injection 0.04-20 0.0007-0.03
HMLER This work ~ 400 nm Endogenous?® 0.01-90 0.001-0.7
(tumorigenic)
MCEF-7 Guo et al. (2014a) 500 nm Microinjection 0.01-20 0.002-0.07
(tumorigenic) Li et al. (2009) ~ 500 nm Endogenous® 0.04-7 0.002-0.2
200nm Ballistic injection 0.04-20 0.002-0.6
MDA-MB-468 Goldstein et al. 2013 200nm Endocytosis 0.02-60 0.00003-0.2
(low metastatic) Gal and Weihs (2012) 200nm Endocytosis 0.02-60 0.00003-0.2
MDA-MB-231 Network TPS-OC (2013) 100nm Ballistic Injection 0.03-10 0.0004-0.2
(high metastatic) Goldstein et al. (2013) 200nm Endocytosis 0.02-60 0.0001-0.7
Gal and Weihs (2012) 200nm Endocytosis 0.01-60 0.0001-1
This work ~ 400 nm Endogenous?® 0.01-90 0.001-0.8

a peroxisomes, P Lipid granules
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single “two-phase” model. In this model, particle-tracking
microrheology measures the properties of the viscoelastic
fluid phase which can flow between interconnected pores
within the elastic cytoskeletal mesh phase. AFM and mag-
netic twisting cytometry, which indent or displace the cell
membrane from outside the cell, measure the modulus of the
mesh phase. Confocal and electron microscopy images of
cells show a mesh of closely spaced actin fibers close to the
cell membrane (Heuser and Kirschner 1980; Burnette et al.
2014). Projection confocal images of our MDA-MB-231
cells showed an average spacing of approximately 0.9 pum
between fluorescently labeled actin stress fibers (L. McDon-
ald and G. Holzwarth, unpublished), whereas the diameter of
peroxisomes in these cells was ~ 0.4 wm. This suggests that
peroxisomes are small enough to move through the pores
between the stiff actin fibers, which behave like an elastic
solid.

The slopes of our log MSD versus log t curves (Figs. 3
and 4) were close to 0 for small values of 7 but increased to
1 for large values of . Such behavior is common in concen-
trated solutions of high MW polymers and is explained by
constraint release (Doi and Edwards 1988), that is, at short
times, polymer chains are entangled with one another, so they
behave like a cross-linked elastic solid. However, over long
times, the chains can reptate around one another, releasing
the entanglement restraints and thus allowing an increase in
diffusion for a suspended probe particle. The mesh of stiff
cytoskeletal fibers may behave similarly, trapping the per-
oxisome on a short time scale, but releasing the peroxisome
from its trap of cytoskeletal fibers over longer times. The data
for normal cells (Fig. 7) suggest that the constraint release
time is roughly 0.1s.

The ATP- and myosin II-dependent random motion of par-
ticles within cells is usually explained as an indirect result of
ATP- and myosin II-dependent cytoskeletal motions (Bursac
et al. 2005; Hoffman et al. 2006; Van Citters et al. 2006; Bur-
sac et al. 2007; Brangwynne et al. 2008; Gallet et al. 2009;
Brangwynne et al. 2009). An alternative hypothesis is that
such motion, especially for endogenous particles such as per-
oxisomes, is the direct result of multiple competing myosins
attaching each peroxisome to multiple actin filaments with
different orientations, with the result that the peroxisome is
pulled in different directions at different times (D. Lyles, per-
sonal communication, 2014). Whichever explanation is true,
if active intracellular processes contribute to probe MSDs, a
central assumption of GSE analysis is violated.

In control, low azide, or blebbistatin conditions, the aver-
age peroxisome MSD of tumorigenic cells at the longest
value of 7 (90s) was higher than that of normal cells.
This suggests that one or more of the three genes hTERT,
oncogenic H-rasV12, and the SV40 large-T oncogene trans-
fected into HME cells to transform them into HMLERs led
to increased peroxisome motion. Because the peroxisome

MSDs for untreated and treated tumorigenic cells did not
converge, this increased motion could be explained at least
partly by increased motor activity, as compared to normal
cells. This conclusion is supported by Fig. 5a, which shows
that the average peroxisome MSD in tumorigenic cells was
not significantly higher than that of normal cells when both
were treated with high azide. Of the three genes transfected
into the HMLERs, H-RasV12 would be the most likely can-
didate responsible for increased motor activity because it is
upstream of MLCK, which activates myosin binding to actin.
Experiments comparing peroxisome motion in breast cells
differing only in Ras activity would need to be performed to
confirm this hypothesis.

One difficulty in attempting to reduce the effect of active
intracellular processes on peroxisome MSD measurements
is the fact that depleting cells of ATP using sodium azide and
2-deoxy-D-glucose could lead to rearrangements of the actin
(Atkinson et al. 2004; Van Citters et al. 2006; Mizuno et al.
2007; Guo et al. 2014a). Because perfect inhibition of active
processes and preservation of the cytoskeleton are difficult to
simultaneously achieve in cells, the optimal balance may be
to titrate active process inhibitors until changes in mechanics
become just detectable. Toward this end, we have explored
two levels of ATP inhibition (low and high azide) as well
as multiple levels of the motor-specific inhibitor, blebbista-
tin. Blebbistatin only partially reduced ATP-driven motion in
our cells. Treatment with low azide, while sufficient to reduce
ATP levels to 2—7 % of controls in HASM cells (Bursac et al.
2005), did not reduce ATP levels in the breast epithelial cells
studied here nearly as much (81-130 % of controls). Treat-
ment with high azide, on the other hand, reduced ATP levels
to 1-8 % in our cells. While cells undergoing this treatment
did round up, average peroxisome MSDs converged to those
of untreated cells at short values of t, suggesting that any
cytoskeletal changes that may have occurred did not affect
peroxisome motion.

5 Conclusions

The elastic and viscous shear moduli (G’, G”) of interior
regions of live normal and metastatic breast cells were deter-
mined by passive microrheology for shear rates between
0.126 and 628 rad/s. The moduli were computed from MSDs
of peroxisomes in the cells, following careful reduction in
non-thermal, ATP- or myosin-dependent motions by treat-
ment of the cells with sodium azide and deoxyglucose or
blebbistatin. The shear moduli measured in this way were
significantly reduced for metastatic cells as compared to nor-
mal cells, especially at low shear rates. The elastic modulus
was almost always significantly larger than the loss modu-
lus. Both the shear modulus for the cell interior, as reported
here, and the elastic modulus of the actin cortex, which is
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commonly measured by AFM, determine the rate of stress
relaxation following indentation of cells (Moeendarbary et al.
2013). For this reason, the measured values reported here
for the interior viscoelastic regions of normal and metasta-
tic breast cells define key parameters for the development of
quantitative mechanical models of cell deformation during
metastasis.
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