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Abstract

Enterohaemorrhagic E. coli (EHEC) is a type of human pathogenic bacteria. The main virulence characteristics of EHEC
include the formation of attaching and effacing lesions (A/E lesions) and the production of one or more Shiga-like toxins,
which may induce human uremic complications. When EHEC infects host cells, it releases translocated intimin receptor (Tir)
and effector proteins inside the host cells, inducing the rearrangement and accumulation of the F-actin cytoskeleton, a
phenotype leading to the formation of pedestals in the apical cell surface, and the growth of stress fibers at the base of the
cells. To examine the effect of EHEC infection on cell mechanics, we carried out a series of experiments to examine Hela
cells with and without EHEC infection to quantify the changes in (1) focal adhesion area, visualized by anti-vinculin staining;
(2) the distribution and orientation of stress fibers; and (3) the intracellular viscoelasticity, via directional video particle
tracking microrheology. Our results indicated that in EHEC-infected Hela cells, the focal adhesion area increased and the
actin stress fibers became thicker and more aligned. The cytoskeletal reorganization induced by EHEC infection mediated a
dramatic increase in the cytoplasmic elastic shear modulus of the infected cells, and a transition in the viscoelastic behavior
of the cells from viscous-like to elastic-like. These changes in mechanobiological characteristics might modulate the
attachments between EHEC and the host cell to withstand exfoliation, and between the host cell and the extracellular
matrix, and might also alter epithelial integrity.
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studies indicate that EHEC colonizes the large intestinal mucosa
and induces attaching and effacing (A/E) lesions, which are
characterized by the destruction of intestinal microvilli and the

Introduction

The dynamic organization of the actin cytoskeleton plays a

critical role in regulating cell mechanics, including focal adhesions,
rheology, and motility [1]. These aspects are related to various
physiological and pathological functions such as cell division [2],
proliferation [3], differentiation [4,5], invasion [6] and metastasis
[7,8]. The dynamics of cytoskeletal organization include nucle-
ation, polymerization and depolymerization, branching, cross-
linking, and bundling actin filaments into actin stress fibers [1].
The effects of chemical and physical stimuli on cytoskeletal
organization and cell mechanics have been widely reported in the
literature [4,9-17]. The dynamic changes in the actin cytoskeleton
also play an important role in pathogen-host interactions [18,19].
Many bacterial pathogens induce actin polymerization for efficient
infection of host cells [20].

Enterohaemorrhagic E. coli (EHEC) is a bacterium that was
first separated from contaminated hamburgers in 1982 [21]. The
symptoms of the diseases caused by EHEC include abdominal
cramps, diarrhea, and haemorrhagic colitis. Histopathological

PLOS ONE | www.plosone.org

formation of a polymerized actin structure (known as pedestal)
immediately underneath the bacterium [22,23]. The genetic
element attributed to this bacterial phenotype (or the pathogenic
island) is also known as the locus of enterocyte effacement island; it
contains all genes to encode a type III secretion system, which
injects effector proteins into host cells to harass the host cells
functioning for the bacterial benefit. As the translocated intimin
receptor (Tir), one of the effector proteins, reaches the host cell
membrane, it forms a binding site for the bacterial outer
membrane protein intimin [24]. The Tir-intimin interaction
triggers signals for actin polymerization and results in the
formation of the pedestal [23,25]. Previous studies indicate that
Tir is the main factor to induce actin polymerization in the host
cells during EHEC infection. Actin polymerization, rearrange-
ment, and accumulation are also induced when Tir alone is
expressed directly in cells by transfection [24,26]. These changes
in actin organization are expected to affect intracellular complex
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shear modulus, which may affect the epithelial function by
modulating the transmission of mechanical forces within the cell
[27]. However, the changes in mechanical properties of EHEC-
infected cells are not well studied. In this paper, we used confocal
fluorescence microscopy and directional video particle tracking
microrheology (DVPTM) to study the effects of EHEC infection
on the actin cytoskeleton, focal adhesions and intracellular
viscoelasticity of the host cell.

Video particle tracking microrheology (VPTM) is a technique to
measure the local shear moduli (both viscous and elastic) of
complex materials with a spatial resolution on the order of a few
microns, and requiring sample volumes on the order of only a few
micro-liters [2,8,28-36]. A typical experimental setup includes a
microscope stage equipped with an objective lens and a charge-
coupled device (CCD) camera linked to a computer to record the
motion of micron-size particles in the test sample. Tracking and
analysis of the particle motion allows researchers to quantify the
sample’s mechanical properties. In directional video particle
tracking microrheology (DVPTM), additional analyses are per-
formed to compute the shear moduli along different directions
[37-39]. This is important because cells often re-align their
cytoskeleton in response to external stimuli leading to marked
differences in their intracellular viscoelastic properties along
different directions [37,40-42].

Our experiments revealed that EHEC induces actin rearrange-
ment to form stress fibers that are thicker and more aligned in the
basal region of the host cell. EHEC infection also led to increased
focal adhesion area. This cytoskeletal reorganization caused
important changes in the mechanical properties of the host cell,
including a marked increase in the elastic shear modulus, a
transition from a viscous-like behavior to an elastic-like behavior,
and a directional polarization of the viscoelastic properties. These
mechanical changes could vary the adherence between EHEC and
the host cell or between the host cell and extracellular matrix.

Materials and Methods

Bacterial strains

Wild-type enterohemorrhagic Escherichia E. coli O157:H7
strains (ATCC 43888) were used in this study. Bacteria were
cultured in LB (Luria-Bertani; 244620, Difco) media at 37°C with
continuous agitation. Ampicillin (100 pg/mL), kanamycin (50 pg/
mlL) and chloramphenicol (20 ug/ml) were appropriately incor-
porated into the media when plasmid-transformed bacteria were
used.

Cell culture

HeLa cells (ATCC CCL2) were grown in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (Gibco) and 1 x antibiotic-antimycotic (15240-062, Gibco)
at 37°C under 5% COs,.

Infection assay and immunofluorescence staining

HeLa cells (2x10° cells) were seeded overnight on 18-mm glass
coverslips (Dechglaser) in six-well tissue culture plates. The cells
were washed with phosphate-buffered saline (PBS) and the wells
were replenished with DMEM (Gibco). Prior to the infection
assay, bacteria were grown on LB agar plates and a single colony
was picked up for inoculation in LB broth. The culture was
incubated overnight at 37°C, and the overnight cultured bacteria
were 1:50 diluted; the solution containing approximately 5x10°
bacteria was added to ~2x10° cells (i.e., ~25 bacteria/cell) to
allow bacterial infection for 6 hours at 37°C in the presence of 5%
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Figure 1. Focal adhesion in HelLa cells without vs. with EHEC
infection. Representative confocal micrographs of Hela cells (A)
without- and (C) with- EHEC infection; vinculin was detected by indirect
immunofluorescence. The images of focal adhesion were segmented by
setting an intensity threshold via MetaMorph software to calculate the
fractional area of focal adhesion, as shown in (B) for HelLa cells without-,
and (D) with- EHEC infection.

doi:10.1371/journal.pone.0112137.g001

CO,. Thereafter, bacteria not adhered to the cells were removed
by washing off with DMEM.

The infected Hela cells were washed with PBS (at room
temperature) twice and fixed with 4% formaldehyde (Sigma) in the
same buffer for 30 minutes at 37°C. The cells were then
permeated with 0.5% Triton X-100 (45-000-229, Plusone) at
room temperature for 15 minutes and blocked with 3% bovine
serum albumin in PBS at 4°C overnight. To observe the EHEC
bacteria, rabbit anti-O157 antibody (Difco) was used. The bound
primary antibody was detected by Alexa Fluor 405-conjugated
goat anti-rabbit IgG (A-31556, Life Technologies). Cellular actin
was stained with FITC-labeled phalloidin (P5282, Sigma) for
20 minutes at room temperature. To detect vinculin by indirect
immunofluorescence, cells were fixed and stained with mouse-anti-
vinculin antibody (V9131, Sigma), followed by staining with goat-
anti-mouse-TRITC. The stained cells were examined via a Zeiss
LSM 700 laser confocal microscope with a 100X/1.40 N.A. oil
immersion objective.

Fluorescence live imaging of Hela cells under EHEC
infection

HeLa cells (2x10° cells), expressing the enhanced yellow
fluorescent protein-actin (fluorescence excitation/admission peaks:
513 nm/526 nm; encoded by pEYFP-Actin), were seeded on the
3.5-cm glass-bottom culture dishes (MatTek) coated with poly-L-
lysine. Cells were grown overnight in Dulbecco’s modified Eagle
medium (DMEM) with 10% fetal bovine serum at 37°C in 5%
CO,. The cells were then washed with PBS and the media was
replaced with phenol red-free DMEM (GibcoBRL) containing
ampicillin (100 pg/mL). To these cells, overnight-cultured bacte-
ria harboring pQE60-RFP, which encodes red fluorescent protein
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Figure 2. Focal adhesion number and size in HeLa cells without vs. with EHEC infection. (A) Number of focal adhesions as a function of
their area. The mean values and standard deviations are indicated by the height of the thick bars and the thin lines, respectively. (B) Fraction of cell
area occupied by focal adhesions. The symbol “$” and the horizontal bar inside each box represent the mean and the median values, respectively;
and the lower and the upper sides of each box represent the values at the first and the third quartiles, respectively. *: p<<0.05; **: p<<0.001; data
obtained from N=15 cells.

doi:10.1371/journal.pone.0112137.g002

(fluorescence excitation/emission peaks: 584 nm/607 nm), were replenished again with red-free DMEM-containing 100 pg/mL
added at a dilution of 1:50 and left for 6 hours at 37°C and 5% ampicillin. The dish was then moved to an incubator chamber
COy in an incubator. After washing with PBS, the dishes were (Chamlide TC, Live Cell Instrument) (maintained at 37°C in 5%
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Figure 3. Immunofluorescence microscopy images of the apical region of HelLa cells without vs. with EHEC infection. (A) Hela cells
without EHEC infection; (B) Hela cells, after being infected with EHEC for 6 hours. Hela cells were fixed, permeated and stained: green, FITC-label
phalloidin for actin; blue, rabbit anti-O157 and Alexa Fluor 405-goat anti-rabbit IgG for EHEC. The merged images in turquoise represent the EHEC
induced pedestal formation.

doi:10.1371/journal.pone.0112137.g003
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Figure 4. Confocal micrographs of actin filaments, FITC-labeled
phalloidin (green), in the basal region of (A) HeLa cells without
EHEC infection; (B) HelLa cells after infected by EHEC for
6 hours. The formation of the stress fibers in the basal region of HelLa
cells after EHEC infection can be clearly observed in (B).
doi:10.1371/journal.pone.0112137.9g004

COy) mounted on a Nikon (Eclipse Ti) inverted microscope
equipped with a 100X/N.A 1.45 oil objective.

Video particle tracking microrheology

HeLa cells (2x10° cells/mL) were infected with EHEC as
described above in 3.5-cm glass-bottom culture dishes (aPLUS).
Cells with and without (i.e. control) EHEC infection were
ballistically injected with 20 pLL carboxylated polystyrene particles
(F8807, Invitrogen, fluorescence excitation/admission peaks:
660 nm/680 nm, diameter =200 nm, concentration: 1.35x10'2

B

HelLa cell

EHEC-infected
HeLa cell
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particles/mL) via a biolistic particle delivery system (PDS-100,
Bio-Rad; pressure 450 psi). Cells were then washed with PBS twice
and incubated for 1 hour in 2 mL. DMEM.

To track and record the motion of the intracellular fluorescent
particles, an inverted epifluorescence microscope (Nikon Eclipse
Ti) equipped with an oil-immersion objective (Nikon, 100X/N.A.
1.45) and a CCD camera (Hamamatsu, OHCA-Flash 4.0) were
used. Time-lapse image sequences were recorded for 10 sec at a
frame rate of 100 Hz. These sequences were long enough to
obtain converged statistics (1000 time points) while at the same
time avoiding potential phototoxic effects, particularly damage to
the F-actin cytoskeleton induced by the fluorescent beads [43].

We analyzed the two-dimensional motion of the embedded
particles in the apical and the basal regions of the HeLa (harboring
PEYFP-Actin) cells without and with EHEC: infection. From the
trajectory [x(t) and y(t), as a function of time (t)] of each particle,
we calculated the ensemble-averaged mean squared displacement
(MSD), <Ar’(t)> = <[x({t+7)—x(t)]*+[y(t+1)—y(@®)] >, and deter-
mined the principal directions along which MSD is maximal and
minimal. The intracellular viscoelastic properties (elastic shear
modulus G'; viscous shear modulus G”) were deduced along the
principal directions of the MSD (for a<1) through a pseudo-
Stokes Einstein relation that was recently derived for nematic
media [39]. In order to ensure that the data used to estimate G’
and G” was consistent with the hypothesis of thermodynamical
equilibrium, we discarded trajectories of particles undergoing
directional transport (35 out of 391; ~9%), and limited our
analysis to the range of time lags 0.01 s<t<<0.1 s. Particles
undergoing directional transport were detected by fitting the mean
square displacement (MSD = <Ar?(t)>) to the power law 1> with
exponent (o), and finding those particles with o>1.

Figure 5. The F-actin orientation in the basal region of HelLa cells (A to D) without, and (E to H) with EHEC infection. Cells fixed and
stained with FITC-phalloidin (green) for F-actin, imaged in Hela cells (A) without, (E) with EHEC infection. In (B) and (F), the images of actin fibers with
fluorescence intensity above a selected threshold are marked and color-coded to represent their angular orientation in radians (1 radian=57.3
degrees). The direction along the principal axis (i.e., the direction along which the maximum number of actin filaments were aligned) is denoted as 0;
(B) without, and (F) with EHEC infection. The angular plots corresponding to (B) and (F) are shown respectively in panels (C) and (G), in degrees.
Similar data compiled from from 15 cells are shown in (D) and (H), respectively. The orientation distributions without and with EHEC infection are
statistically significant (p<<0.001, Watson’s U, test). Variance and Kurtosis of the angular distributions are given in Table 1.
doi:10.1371/journal.pone.0112137.g005
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Table 1. Variance and Kurtosis of the angular distribution of stress fiber orientation shown in Fig. 6.

Angular Variance (deg?) Kurtosis
Normal Hela cells 1020 0.12
EHEC-infected Hela cells 590 0.45

doi:10.1371/journal.pone.0112137.t001

Statistical Analyses

Statistical analysis of angular variables including calculation of
variance and kurtosis was performed using specific procedures for
circular distributions [44]. We tested if the measured samples of
stress-fiber orientation without and with EHEC infection came
from similar circular distributions using Watson’s Uy non-
parametric test. The same test was used to compare the principal
directions of MSD without and with EHEC infection. Statistical
analysis of non-circular variables such as focal adhesion number,
focal adhesion area or intracellular shear modulus was performed
using standard procedures. Samples from different cases were
compared using a Student’s ¢ test.

Apical Region

A 1LE-03

1.E-04

HeLa Cells

EHEC infection leads to tight stress fiber alignment thus yielding lower variance and higher Kurtosis.

Results

EHEC Infection Increases Focal Adhesion Area in Hela
Cells

The effect of EHEC infection on the regulation of focal
adhesions (FA) in the host cells was visualized by anti-vinculin
staining. Fig. 1A shows cells without EHEC infection and Fig. 1C
shows cells that had been infected for 6 hours. Analysis of the
vinculin area in both cases revealed that EHEC infection induced
an increase in the number of large FA (area >1 pum?), and a
corresponding reduction in the number of small FA (area <
0.5 um? (Fig. 2A). Additionally, the fraction of cell area occupicd
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Figure 6. The principal value of the mean squared displacement (PMSD) as a function of the time lag (). In each diagram, the upper
curve represents the result for the soft axis, and the lower curve for the stiff axis. (A) Apical region (deduced from 112 particles) of Hela cells without
EHEC infection; (B) basal region of Hela cells without EHEC infection (deduced from 158 particles); (C) apical region of EHEC-infected Hela cells
(deduced from 66 particles); (D) basal region of EHEC-infected Hela cells (deduced from 55 particles). The straight lines represent the power law
dependence; the symbols represent the mean value of the experimental results. The vertical bars around each point represent the corresponding

standard deviation.
doi:10.1371/journal.pone.0112137.g006
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Figure 7. Angular distribution of the direction of maximum mean squared displacement (soft direction), &ysp,max» in the apical and
the basal regions of Hela cells without vs. with EHEC infection. (A) Apical region of Hela cells without EHEC infection (data deduced from
112 particles; (B) basal region of Hela cells without EHEC infection (data deduced from 158 particles); (C) apical region of EHEC-infected Hela cells
(data deduced from 66 particles); (D) basal region of EHEC-infected Hela cells (data deduced from 55 particles). Statistically significant differences
(obtained from Watson’s U, test for angular distributions) were found between apical and basal regions of EHEC-infected cells (**, p<<0.01), and
between basal regions of non-infected and EHEC-infected cells (¥, p<<0.05). Variance and kurtosis of the angular distributions of Oysp,max are given in
Table 2.

doi:10.1371/journal.pone.0112137.g007

Table 2. Variance and Kurtosis of the angular distribution of the direction of normalized maximum MSD, Oysp,max, at the apical and
the basal regions of Hela cells with and without EHEC infection.

Angular Variance (deg?) Kurtosis
Normal Hela cells Basal region 1020 0.15
Apical region 1080 0.09
EHEC-infected Hela cells Basal region 790 0.35
Apical region 1210 0.03

EHEC infection leads to anisotropic intracellular rheology at the basal region of the cells, causing a lower variance and higher Kurtosis of the angular distribution of

Omsomax-
doi:10.1371/journal.pone.0112137.t002
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doi:10.1371/journal.pone.0112137.9g008

by focal adhesions (defined as the ratio of the total focal adhesion
area in each cell to the total area enclosed by the boundary of each
cell) increased from 0.79% to 5.14% after EHEC infection
(Fig. 2B).

EHEC Infection Induces Actin Rearrangement and
Accumulation

We labeled EHEC by Alexa Fluor 405 (blue) and actin via
FITC-phalloidin staining (green) and examined the apical and
basal regions of HeLa cells without EHEC infection vs. cells that
had been infected for 6 hours. The resulting images revealed actin

accumulation consistent with the formation of pedestals in the
apical region of the infected HeLa cells (Fig. 3B). As expected, the
pedestals were not observed in the control Hela cells (Fig. 3A).
Besides, EHEC infection induced actin polymerization and
bundling into stress fibers in the basal region of the cells (Iig. 4B),
but the stress fibers were less discernable in the basal region of the
non-infected cells (Fig. 4A).

Our analysis of the orientation of the stress fibers in the basal
region of HeLa cells indicated that these fibers became better
aligned in EHEC-infected cells than in non-infected cells, as
shown in Fig. 5. Panels (A) and (E) in this figure are the original

Table 3. The mean and the standard error of the mean (SEM) of the elastic shear modulus (G’) and viscous shear modulus (G”) at
10 Hz in the apical region of Hela cells without vs. with EHEC infection.

Apical Region Soft Direction

Stiff Direction

Complex shear modulus (Pa) G’ G G’ G"
Normal Hela cells 525+56 67.7+5.6 86.3*+11.8 110.7*£8.6
EHEC-infected Hela cells 79.3*x114 42746 191.7£28.8 131.0£15.6
Relative change 51% —37% 122% N.S

doi:10.1371/journal.pone.0112137.t003
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Table 4. The mean and the standard error of the mean (SEM) of the elastic shear modulus (G’) and viscous shear modulus (G”) at
10 Hz in the basal region of Hela cells without vs. with EHEC infection.

Basal Region Soft Direction

Stiff Direction

Complex shear modulus (Pa) G’ G G’ G’
Normal Hela cells 62.0+6.0 62.2+3.8 743+7.8 97.3*+6.4
EHEC-infected Hela cells 173.3%£21.1 46.04.5 620.4+72.7 253.625.8
Relative change 180% N.S 735% 161%

doi:10.1371/journal.pone.0112137.t004

fluorescence images of F-actin for two example cells without and
with EHEC infection, respectively. These images are thresholded
to create binary images containing only the fibers, which are color-
coded to represent the orientations of the fibers in panels (B) and
(D), and the distributions of fiber orientation angles are shown in
panels (C) and (G). The direction along the principal axis (i.e., the
preferred direction of the actin filaments for each cell) is denoted
as 0 (180) degrees. The results suggest that the angular distribution
is narrower after EHEC infection.

To demonstrate that EHEC infection of HeLa cells led to stress-
fiber alignment, we compiled angular distributions of stress fibers
for 15 cells with and without infection (Fig. 5D and Fig. 5H,
respectively). Statistical analysis of stress-fiber orientation revealed
that the variance of the angular distribution decreased and its
kurtosis increased with EHEC infection (see Table 1). These
differences were found to be statistically significant (p<<0.001,
Watson’s U, test). Because the variance and kurtosis of a
distribution respectively quantify its spread and peakedness, this
analysis confirms that the orientation of the F-actin cytoskeleton
became tightly aligned along a common direction after EHEC
infection. These observed directional changes in the cell cytoskel-
eton suggest that EHEC infection may induce anisotropy in
intracellular rheology, meaning that the viscoelastic properties of
the infected cells could be different when measured along different
directions. This led to a subsequent study, via DVPTM, of the
viscoelastic properties of HeLa cells with vs. without EHEC
infection.

EHEC-Infection Leads to Anisotropic Viscoelastic
Properties in HelLa Cells

We applied DVPTM to analyze the effect of EHEC infection on
the intracellular shear modulus of HeLa cells with and without
EHEC infection. To assess the changes in shear modulus induced
by both pedestal formation and stress-fiber reinforcement and
alignment, we tracked the motion of embedded particles on two
different z-planes, one located in the apical and the other in the
basal regions of each cell. From the tracked particle trajectories,
we calculated the mean squared displacements (MSDs) as a

without vs. with EHEC infection.

function of time lag, 1. Because EHEC infection caused a marked
realignment of stress fibers in the basal region of the cell, we
analyzed the MSDs along different directions.

To assess whether the results are consistent with the theoretical
results for ideal Brownian motion, and to quantify the viscoelastic
nature of their cytoplasm, the MSDs were fit to the power law <
Ar¥(1)>=A1" The exponent o characterizes the diffusive
behavior of the probing particles; ®>1 indicates active transport;
a =1 indicates ideal Brownian diffusion in a Newtonian viscous
fluid, and o= 0 reflects trapping in purely elastic media [28,45].
Hence, in general, the exponent o reflects whether the material is
more elastic-like or more viscous-like. On the other hand, the
proportionality constant “A” indicates the level of viscoelastic
resistance encountered by the probing particles in their motion;
high polymer density and stable cross-linking lead to stronger
resistance to particle motion and the extent of MSD becomes
smaller. Active random-like fluctuations of the F-actin network
caused by motor proteins may add a contribution to the MSDs
with a=1 for frequencies lower than 10 Hz [46]. This active
contribution would be impossible to differentiate from ideal
Brownian diffusion and could lead us to underestimate intracel-
lular viscoelasticity. Thus, to ensure that our results are not
contaminated by this potential effect, only the experimental data
within the time lag range of 0.01 s=1=0.1 s were taken into
account in our analysis.

Fig. 6 shows the measured MSD for particles in the apical and
the basal regions of HeLa cells, without vs. with EHEC infection.
In two-dimensional motion, the MSD of a particle is a 2x2
symmetric matrix with two perpendicular principal directions. If
the medium is isotropic, then the principal values (eigenvalues) of
the MSD matrix are equal. However, if the medium is anisotropic
the principal values will differ, revealing the two perpendicular
directions in which the medium is softest (i.e. soft direction,
maximal MSD) and stiffest (i.e. stiff direction, minimal MSD)
[37,47]. Thus, to test the hypothesis that the structural changes in
the cell cytoskeleton after EHEC infection induced anisotropy in
mtracellular rheology, we compared the principal values of the
MSD. In the control case, the mean values of MSD along the soft

Table 5. The ratio of viscoelastic shear moduli in the stiff direction and the corresponding values in the soft direction for Hela cells

Apical Regions

Basal Regions

Ratio of Stiff and Soft G/ suiff/soft G stiff/soft G/siff/soft G stiff/soft
Normal Hela cells 1.6 1.6 1.2 1.6
EHEC-infected Hela cells 24 3.1 3.6 55

doi:10.1371/journal.pone.0112137.t005

PLOS ONE | www.plosone.org

November 2014 | Volume 9 | Issue 11 | e112137



direction are about 2 times the corresponding values along the stiff
direction (Fig. 6: A, B). In the case of EHEC-infected cells, the
mean values of MSD along the soft direction are about 5 to 6 times
the corresponding values along the stiff direction (Fig. 6: C, D).
These results indicate that the degree of anisotropy in MSD
increases with EHEC infection. The dependence of the MSD on
the time lag 7 also showed significant differences between the
control vs. the EHEC-infected samples. The power law exponent
o, was measured to be in the range of 0.36 to 0.56 in both the
apical and the basal regions of HeLa cells without EHEC
infection. In contrast, the value of “o’ decreased to a lower value
in the range of 0.18 to 0.41, indicating that, after EHEC infection,
the cytoplasmic microenvironment became more elastic-like than
viscous-like. Interestingly, Fig. 6 also reveals that the variations in
the distribution of MSD for different probing particles (see error
bars in the plots) are much higher for infected cells than for
controls, suggesting that EHEC infection may cause a more
heterogeneous spatial distribution of viscoelasticity in the host cells.

Fig. 7 and Table 2 summarize the distribution of angular
directions of maximum MSD (Oyspmax) for T=0.1s. In cells
without EHEC infection, the overall distribution of Opssp, max wWas
fairly uniform, yielding high angular variances and low kurtosis
coefficients, especially in the apical cell region. Similarly, the apical
region of EHEC-infected cells had no significant polarization in
the distribution of Opgsp max- However, the basal region of the
infected cells had highly polarized rheological properties (Fig. 7C)
in consistence with the well-aligned orientation of their stress
fibers. The angular distribution of Opgsp mex had the smallest
variance and highest kurtosis in this case and these differences
were statistically significant (Table 2).

EHEC-Infection Induces Intracellular Hardening in Hela
Cells

Our observation that EHEC infection induced actin polymer-
ization in the apical region of Hela cells and stress-fiber
reinforcement in their basal region led us to measure the
intracellular viscoelastic properties of these cells without vs. with
EHEC infection. The intracellular elastic shear modulus, G', and
viscous shear modulus, G”, of HeLa cells were deduced from the
MSD using recently derived expressions for the viscoelastic
resistance experienced by a particle moving inside a nematic fluid
[39].

Our results for the elastic (G') and viscous (G”) shear moduli at a
frequency f=10 Hz are compared in Fig. 8, and their mean
values are summarized in Tables 3, 4, and 5, along with the
standard error of the mean (SEM). A first look at the data indicates
that after EHEC infection the elastic shear modulus G’ increases
along both the stiff and the soft axes, and both in the apical and
the basal regions of the cell. However, the most significant changes
were observed for the elastic shear modulus, G’, while the viscous
shear modulus, G”, experienced a modest increase. Consequently,
EHEC infection caused a transition in the viscoelastic nature of
the cells from viscous-like behavior (G">G’) to elastic-like
behavior (G'>G"). In the apical region of the cells, G" increased
in the stiff direction by over a factor of 2 due to the formation of
actin pedestals, while it experienced a modest increase in the soft
direction. Coonsistent with the changes in actin polymerization and
reorganization observed Fig. 4B, EHEC infection caused a
dramatic increase of the elastic shear modulus in the basal region
of the cells; G’ increased by a factor of ~8 along the stiff direction
and by a factor of ~3 along the soft direction. In addition to these
changes, the ratios G’ 31/ G' o5 and G35/ G" o grew significantly
with EHEC infection, especially in the basal region of the cell
(Table 5), indicating that the viscoelastic properties of the cell
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became more anisotropic. This result is in good agreement with
the alignment of the stress fibers observed by fluorescence imaging

(Fig. 5).

Discussion

Epithelial and endothelial permeability depends on a delicate
balance of mechanical forces that is regulated by the cell
cytoskeleton, which, in turn, is modulated by mechanical forces
[14,27,48]. The transmission of these forces throughout the cell
depends on the strength of focal adhesions, and the directionality
and magnitude of intracellular viscoelastic properties. Enteric
pathogens of EPEC and EHEC infect the intestinal tract to cause
attaching and effacing lesions, a phenomenon that is due to
rearrangement of actin filaments in the infected cells. In 1996,
Rosenshine et al. first found that EPEC could trigger epithelial
signals in HeLa cells to mediate actin rearrangement [49]. In
1999, DeVinney et al. also reported that EHEC infects HeLa cells
causing similar actin rearrangements [50]. In this paper, we report
the effect of EHEC infection on the cell mechanics of Hel.a cells,
including the orientation of stress fibers, focal adhesion area, and
intracellular viscoelastic properties. We note that EHEC is similar
to EPEC (enteropathogenic E. coli) in type III secretion and, by
analogy, may also destruct microtubule networks in host cells [51]
and that may have additional effects on intracellular rheology. In
this work, only the effects on actin polymerization and aggregation
and the associated changes in cell mechanics were studied.

In our experiments, the elastic and viscous shear moduli of non-
infected and infected HeLa cells were measured in the frequency
range of 0.1 to 100 Hz by directional particle tracking micro-
rheology (Tables 3 and 4). Our measured values for non-infected
cells were comparable with those reported earlier for 3713
fibroblasts (viscous shear modulus G"=30%*4 Pa, and elastic
shear modulus G’ =60%5 Pa) [52]. After EHEC infection, the
elastic shear modulus of the cells increased considerably while the
viscous shear modulus did not increase nearly as much.
Consequently, the mechanical properties of the HeLa cells
transitioned from viscous-like (ie., G">G') to elastic-like (G'>
G"). The changes in elastic shear modulus were highest in the basal
region of the cells even if EHEC bacteria adhered to the apical
surface of the Hel.a cells. This result is consistent with our
observation of stress-fiber thickening at the bottom of the cells after
EHEC infection (Fig. 4). The stress fibers also aligned along a
common direction as a consequence of infection (Fig. 5), causing
the mechanical properties of the cell to be more anisotropic (i.e.
polarized).

Our data shows that EHEC infection led to an increase focal
adhesion area and intracellular elastic shear modulus, as well as
thicker and better-aligned actin stress fibers. These changes in
mechanical properties could alter the adherence between EHEC
and the host cell or between EHEC and extracellular matrix to
resist shear flow. Previous studies have reported that in endothelial
cells subjected to shear flow, increased cellular elastic shear
modulus and stress fibers are associated to improved cell adhesion
[53]. Generally, cellular stiffness often bears a positive correlation
with cell adhesion [54,55].

Author Contributions

Conceived and designed the experiments: YQC PTZ MTW JCA WJS AC.
Performed the experiments: YQC YHC CHH. Analyzed the data: YQC
YHC CHH. Contributed reagents/materials/analysis tools: KO JCA PTZ
YHC. Wrote the paper: YQC PTZ MTW JCA WJS AC. Over-all research
problem, ideas and interpretation: WJS JCA AC.

November 2014 | Volume 9 | Issue 11 | e112137



References

1.

20.

27.

Stossel TP, Condeelis J, Cooley L, Hartwig JH, Noegel A, et al. (2001) Filamins
as integrators of cell mechanics and signalling. Nature reviews Molecular cell
biology 2: 138-145.

. Chen YQ, Kuo CY, Wei MT, Wu K, Su PT, et al. (2014) Intracellular

viscoelasticity of HeLa cells during cell division studied by video particle-tracking
microrheology. Journal of biomedical optics 19: 011008-011008.

. Provenzano PP, Keely PJ (2011) Mechanical signaling through the cytoskeleton

regulates cell proliferation by coordinated focal adhesion and Rho GTPase
signaling. Journal of cell science 124: 1195-1205.

. Kilian KA, Bugarija B, Lahn BT, Mrksich M (2010) Geometric cues for

directing the differentiation of mesenchymal stem cells. Proceedings of the
National Academy of Sciences 107: 4872-4877.

. Titushkin I, Cho M (2007) Modulation of cellular mechanics during osteogenic

differentiation of human mesenchymal stem cells. Biophysical journal 93: 3693

3702.

. Yilmaz M, Christofori G (2009) EMT, the cytoskeleton, and cancer cell invasion.

Cancer and Metastasis Reviews 28: 15-33.

. Guck J, Schinkinger S, Lincoln B, Wottawah F, Ebert S, et al. (2005) Optical

deformability as an inherent cell marker for testing malignant transformation
and metastatic competence. Biophysical journal 88: 3689-3698.

. Baker EL, Lu J, Yu D, Bonnecaze RT, Zaman MH (2010) Cancer cell stiffness:

integrated roles of three-dimensional matrix stiffness and transforming potential.
Biophysical journal 99: 2048-2057.

. McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS (2004) Cell shape,

cytoskeletal tension, and RhoA regulate stem cell lineage commitment.
Developmental cell 6: 483-495.

. Treiser MD, Yang EH, Gordonov S, Cohen DM, Androulakis IP, et al. (2010)

Cytoskeleton-based forecasting of stem cell lineage fates. Proceedings of the
National Academy of Sciences 107: 610-615.

. Engler AJ, Sen S, Sweeney HL, Discher DE (2006) Matrix elasticity directs stem

cell lineage specification. Cell 126: 677-689.

. McGrail DJ, Ghosh D, Quach ND, Dawson MR (2012) Differential mechanical

response of mesenchymal stem cells and fibroblasts to tumor-secreted soluble

factors. PLoS One 7: €33248.

- Hall A (1998) Rho GTPases and the actin cytoskeleton. Science 279: 509-514.
. Hur SS, del Alamo JC, Park JS, Li Y-S, Nguyen HA, et al. (2012) Roles of cell

confluency and fluid shear in 3-dimensional intracellular forces in endothelial
cells. Proceedings of the National Academy of Sciences 109: 11110-11115.

. Hatami-Marbini H, Mofrad MR (2011) Cytoskeletal mechanics and cellular

mechanotransduction: a molecular perspective. Cellular and Biomolecular
Mechanics and Mechanobiology: Springer. pp. 3-27.

. Tzima E (2006) Role of small GTPases in endothelial cytoskeletal dynamics and

the shear stress response. Circulation research 98: 176-185.

. Wang JH-C, Thampatty BP (2006) An introductory review of cell mechan-

obiology. Biomechanics and modeling in mechanobiology 5: 1-16.

. Donnenberg MS (2000) Pathogenic strategies of enteric bacteria. Nature 406:

768-774.

. De Rycke J, Comtet E, Chalareng C, Boury M, Tasca C, et al. (1997)

Enteropathogenic Escherichia coli O103 from rabbit elicits actin stress fibers and
focal adhesions in HelLa epithelial cells, cytopathic effects that are linked to an
analog of the locus of enterocyte effacement. Infection and immunity 65: 2555~
2563.

Mikaty G, Soyer M, Mairey E, Henry N, Dyer D, et al. (2009) Extracellular
bacterial pathogen induces host cell surface reorganization to resist shear stress.
PLoS pathogens 5: ¢1000314.

. Riley LW, Remis RS, Helgerson SD, McGee HB, Wells JG, et al. (1983)

Hemorrhagic colitis associated with a rare Escherichia coli serotype. New
England Journal of Medicine 308: 681-685.

. Tsai N, Wu'Y, Chen J, Wu C, Tzeng C, et al. (2006) Multiple functions of 10036

in the regulation of the pathogenicity island of enterohaemorrhagic Escherichia
coli O157: H7. Biochem J 393: 591-599.

. Campellone KG, Leong JM (2003) Tails of two Tirs: actin pedestal formation by

enteropathogenic E. coli and enterohemorrhagic E. coli O157: H7. Current
opinion in microbiology 6: 82-90.

. Gauthier A, Puente JL, Finlay BB (2003) Secretin of the enteropathogenic

Escherichia coli type III secretion system requires components of the type III
apparatus for assembly and localization. Infection and immunity 71: 3310-3319.

5. Yi C-r, Goldberg MB (2009) Enterohemorrhagic Escherichia coli raises the I-

BAR. Proceedings of the National Academy of Sciences 106: 6431-6432.

. Arbeloa A, Bulgin RR, MacKenzie G, Shaw RK, Pallen M]J, et al. (2008)

Subversion of actin dynamics by EspM effectors of attaching and effacing
bacterial pathogens. Cellular microbiology 10: 1429-1441.

Ivanov Al, Parkos CA, Nusrat A (2010) Cytoskeletal regulation of epithelial
barrier function during inflammation. The American journal of pathology 177:
512-524.

PLOS ONE | www.plosone.org

10

28.

30.

31.

32.

34.

36.
37.

38.

39.

40.

41.

42,

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

The Effect of EHEC Infection on the Cell Mechanics of Host Cells

Wirtz D (2009) Particle-tracking microrheology of living cells: principles and
applications. Annual review of biophysics 38: 301-326.

. Tseng Y, Kole TP, Wirtz D (2002) Micromechanical mapping of live cells by

multiple-particle-tracking microrheology. Biophysical journal 83: 3162-3176.
Mason TG, Weitz D (1995) Optical measurements of frequency-dependent
linear viscoelastic moduli of complex fluids. Physical review letters 74: 1250.
Kole TP, Tseng Y, Jiang I, Katz JL, Wirtz D (2005) Intracellular mechanics of
migrating fibroblasts. Molecular biology of the cell 16: 328-338.

Panorchan P, Lee JS, Kole TP, Tseng Y, Wirtz D (2006) Microrheology and
ROCK signaling of human endothelial cells embedded in a 3D matrix.
Biophysical journal 91: 3499-3507.

. Zhou X, Rowe RG, Hiraoka N, George JP, Wirtz D, et al. (2008) Fibronectin

fibrillogenesis regulates three-dimensional neovessel formation. Genes &
development 22: 1231-1243.

Baker EL, Bonnecaze RT, Zaman MH (2009) Extracellular matrix stiffness and
architecture govern intracellular rheology in cancer. Biophysical journal 97:
1013-1021.

. Wu P-H, Hale CM, Chen W-C, Lee JS, Tseng Y, et al. (2012) High-throughput

ballistic injection nanorheology to measure cell mechanics. nature protocols 7:
155-170.

Saxton MJ (2014) A particle tracking meet. Nature methods 11: 247-248.

Del Alamo JC, Norwich GN, Li Y-gJ, Lasheras JC, Chien S (2008) Anisotropic
rheology and directional mechanotransduction in vascular endothelial cells.
Proceedings of the National Academy of Sciences 105: 15411-15416.

Hasnain I, Donald A (2006) Microrheological characterization of anisotropic
materials. Physical Review E 73: 031901.

Gomez-Gonzalez M, del Alamo JC (2013) Flow of a viscous nematic fluid
around a sphere. Journal of Fluid Mechanics 725: 299-331.

Galbraith C, Skalak R, Chien S (1998) Shear stress induces spatial
reorganization of the endothelial cell cytoskeleton. Cell motility and the
cytoskeleton 40: 317-330.

Hu S, Eberhard L, Chen ], Love JC, Butler JP, et al. (2004) Mechanical
anisotropy of adherent cells probed by a three-dimensional magnetic twisting
device. American Journal of Physiology-Cell Physiology 287: C1184-C1191.
Kaunas R, Nguyen P, Usami S, Chien S (2005) Cooperative effects of Rho and
mechanical stretch on stress fiber organization. Proceedings of the National
Academy of Sciences of the United States of America 102: 15895-15900.
Golde T, Schuldt C, Schnauf3 J, Strehle D, Glaser M, et al. (2013) Fluorescent
beads disintegrate actin networks. Physical Review E 88: 044601.

Zar J (1999) Biostatistical analysis 4 ed. Princeton-Hall, New Jersey.

Hale CM, Sun SX, Wirtz D (2009) Resolving the role of actoymyosin
contractility in cell microrheology. PloS one 4: ¢7054.

Mizuno D, Tardin C, Schmidt C, MacKintosh F (2007) Nonequilibrium
mechanics of active cytoskeletal networks. Science 315: 370-373.

Hasnain IA, Donald AM (2006) Microrheological characterization of anisotropic
materials. Physical Review E 73: 031901.

Krishnan R, Klumpers DD, Park CY, Rajendran K, Trepat X, et al. (2011)
Substrate stiffening promotes endothelial monolayer disruption through
enhanced physical forces. American Journal of Physiology-Cell Physiology
300: C146.

Rosenshine I, Ruschkowski S, Stein M, Reinscheid D, Mills S, et al. (1996) A
pathogenic bacterium triggers epithelial signals to form a functional bacterial
receptor that mediates actin pseudopod formation. The EMBO journal 15:
2613.

DeVinney R, Stein M, Reinscheid D, Abe A, Ruschkowski S, et al. (1999)
Enterohemorrhagic Escherichia coliO157: H7 produces Tir, which is translo-
cated to the host cell membrane but is not tyrosine phosphorylated. Infection
and immunity 67: 2389-2398.

Shaw RK, Smollett K, Cleary J, Garmendia J, Straatman-Iwanowska A, et al.
(2005) Enteropathogenic Escherichia coli type III effectors EspG and EspG2
disrupt the microtubule network of intestinal epithelial cells. Infection and
immunity 73: 4385-4390.

Lee JS, Panorchan P, Hale CM, Khatau SB, Kole TP, et al. (2006) Ballistic
intracellular nanorheology reveals ROCK-hard cytoplasmic stiffening response
to fluid flow. Journal of cell science 119: 1760-1768.

Mathur AB, Reichert WM, Truskey GA (2007) Flow and high affinity binding
affect the elastic modulus of the nucleus, cell body and the stress fibers of
endothelial cells. Annals of Biomedical Engineering 35: 1120-1130.

Pourati J, Maniotis A, Spiegel D, Schaffer JL, Butler JP, et al. (1998) Is
cytoskeletal tension a major determinant of cell deformability in adherent
endothelial cells? American Journal of Physiology-Cell Physiology 274: C1283—
C1289.

Wang N, Ingber DE (1994) Control of cytoskeletal mechanics by extracellular
matrix, cell shape, and mechanical tension. Biophysical journal 66: 2181-2189.

November 2014 | Volume 9 | Issue 11 | e112137



