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Abstract

Cytoskeletal filaments provide cells with mechanical stability and organization. The main key players
are actin filaments and microtubules governing a cell’s response to mechanical stimuli. We
investigated the specific influences of these crucial components by deforming MCEF-7 epithelial cells at
small (5% deformation) and large strains (>5% deformation). To understand specific contributions
of actin filaments and microtubules, we systematically studied cellular responses after treatment with
cytoskeleton influencing drugs. Quantification with the microfluidic optical stretcher allowed
capturing the relative deformation and relaxation of cells under different conditions. We separated
distinctive deformational and relaxational contributions to cell mechanics for actin and microtubule
networks for two orders of magnitude of drug dosages. Disrupting actin filaments via latrunculin A,
for instance, revealed a strain-independent softening. Stabilizing these filaments by treatment with
jasplakinolide yielded cell softening for small strains but showed no significant change at large strains.
In contrast, cells treated with nocodazole to disrupt microtubules displayed a softening at large strains
but remained unchanged at small strains. Stabilizing microtubules within the cells via paclitaxel
revealed no significant changes for deformations at small strains, but concentration-dependent
impact at large strains. This suggests that for suspended cells, the actin cortex is probed at small strains,
while at larger strains; the whole cell is probed with a significant contribution from the microtubules.

1. Introduction

The ability of cells to sense and adapt to their environment plays a vital role in many of their biologically relevant
functions. In the last decade, connections between the mechanical properties of cells and the initiation as well as
progress of pathologies such as cancer [ 1, 2] have been made. These connections highlight the link between
molecular changes within the cytoskeleton to morphological and functional changes of the entire cell. In this
way, it has been shown that actin filaments and microtubules play significant roles in dynamic cellular processes
such as proliferation [3], migration [4—6], differentiation, [7] and apoptosis [8]. Besides their dynamic functions,
they lend cells mechanical stability and govern their responses against external, mechanical stimuli. During
cancer metastasis, for instance, cells have to squeeze through the underlying extracellular matrix and vascular
walls. Extravasation and intravasation during metastasis could lead to small or large deformation of the cells
depending on the pore sizes of their surrounding environment. After extravasation, the single cells are
transported in suspension to other parts of the body through the blood and spread through the lymph vessel [9].
The interaction between actin filaments and microtubules as well as their contribution to intracellular force
balances have been discussed with respect to the traction forces exerted by cells on deformable substrates
[10, 11]. These studies revealed the stress bearing ability of microtubules as well as the contractile forces
produced by actin filaments together with myosin motors. It remains to be shown that such a force balance
mechanism exists in suspended cells. The resistance of cells against deformations has been investigated via
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techniques such as magnetic twisting cytometry (MTC) [12, 13], atomic force microscopy (AFM) [14, 15], laser
tracking microrheology [13], hydrodynamic stretching with flow-cytometers [16—20], and optical stretcher (OS)
[1,21-24]. These studies were performed on various cell types [7, 25] and often indicate that actin filaments are a
major contributor to the mechanical properties of cells. AFM-based studies further showed that microtubule
stabilization or disruption did not affect cell elasticity [ 14, 25] or is only of minor importance [20]. In contrast,
MTC studies revealed that destabilization of microtubules inhibited cell stiffness while stabilizing them led to
increased cell stiffening [12]. Some of these studies, however, were performed on adherent cells and the
measured mechanical properties depend on the local conditions rather than global characteristics [26]. Given
the fact that a cell is spatially heterogeneous, the measured mechanical properties vary [13] and are not
representative of the response of a cell as a whole to perturbation. In addition, it was shown that also keratin can
play a major role in cell stiffness [27].

In contrast, whole cell deformations have been performed either by stretching cells using microplates
[28,29], or by micropipette aspiration [30]. Moreover, cells have been deformed by compression against a glass
slide [31] or by use of optical forces such as the OS [7], including contractile force measurements [32], and
optical tweezers [33], including force fluctuation measurements [34]. These studies also found that actin
filaments are the major contributor to cell elasticity while microtubules contributed to cell relaxation [7]. At
large strains, actin filaments have been shown to rupture in in vitro studies while the contribution of
intermediate filaments and microtubules to cell elasticity becomes dominant [27, 35]. It has also been
hypothesized via finite elements simulations [36] that microtubules contribute more to cell elasticity at large
strains. Therefore, the disruption of microtubules at large strains has been shown to reduce the non-linearity in
whole cell stiffness [37]. In most studies, cells are probed within a linear regime but the magnitude of the
deformation (small or large) and its impact on the response of a cell as a whole has not been characterized. Here,
we characterize the response of MCF-7 cells to optically applied forces at large and small strains by the means of
the previously established automated microfluidic OS [22, 38, 39]. A low and high strain regime were established
by employing step stress profiles generated by low and high laser powers. Additionally, target-specific drugs
induced cytoskeletal perturbations and according changes in the relative deformation as well as the stress
relaxation response of these cells were evaluated. Actin filaments were influenced by latrunculin A (LatA) and
jasplakinolide (Jas). LatA disrupted actin filaments by sequestering actin monomers thus reducing the pool of
polymerisable actin. In contrast, Jas was used to increase actin nucleation and polymerization and consequently
reduced actin depolymerization [40—42]. To interfere with cytoskeletal microtubules, cells were treated with
nocodazole (Noc) to destabilize microtubules, which consequently promotes their depolymerization. To
achieve the contrary effect, paclitaxel (Tax) was used to stabilize microtubules [43]. Within this approach, the
contributions of actin filaments and microtubules to the overall cell mechanics were evaluated in a decoupled
manner for small and large strains. In contrast to previous work, we were able to separate the contributions of
deformation and relaxation to the mechanical properties of cells for actin and microtubule networks for two
orders of magnitude of drug dose concentrations. Here, we single out distinctive contributions for cell
mechanical changes of the cytoskeleton.

2. Materials and methods

2.1. Cell culture and drug treatment

The MCE-7 cell line was bought from ATCC (ATCC, HTB-22) and were cultured with Mimimal Essential
Medium Eagles with L-Glutamine and Earles salt (Biochrom, FG 0325). The cell culture medium was
supplemented with 100 mg ml~' Sodium Pyruvate (Sigma-Aldrich, P 5280), 10 ug ml~' Bovine Insuline
(Sigma-Aldrich, 16634), 5 ml of Non-essential amino acids (Biochrom, K 0293), 50 ml Fetal Bovine serum
(Biochrom, S 0615), and 1 unit of Penincillin/Streptomycin (Biochrom, A 2212).

LatA (Sigma-Aldrich, L5163), Noc (Sigma-Aldrich, M1404) and Tax (T7402) were obtained from Sigma. Jas
(Calbiochem, 420107) was bought from Calbiochem. All drugs were dissolved in 1 ml of dimethyl sulfoxide and
100 pg of the dissolved drug was further dissolve in 5 ml of culture medium. From this, the necessary volume was
added to the cells while adherent to obtain the needed concentrations. Cells were incubated with Tax for 18, 10 h
for Noc, and 6 h for Jas. LatA, was added to the cells in suspension 2 min before they were measured, thus the
cells were measured in a LatA containing medium.

2.2. Automated microfluidic OS

The setup is as described in [39] with minor changes such as the microfluidic and stretching processes being
computer controlled. A prototype version was provided by RS Zelltechnik GmbH. The mechanical properties of
cells were determined by introducing the cells into the automated microfluidic OS where they are serially
trapped and stretched. The cell radius along the laser axis is determined while the cell is trapped for a second at
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100 mW. The cell is then stretched at 750 or 1200 mW. During the stretch, images are taken at 30 frames per
second. The cells are allowed to relax for 2 s after stress cessation. The time-dependent, relative deformation is
defined as [r,/r; — 1], where r,is the cell’s diameter at time ¢ and r, is the cell’s diameter when the cell was trapped.
Furthermore, the relative relaxation was defined as [r, — r3]/[r; — 3], where 5 is the cell diameter at end of
stretch, t =3 s, and r; is the cell diameter at time ¢t while relaxing, ¢ > 3 s. About 1000 cells were measured for each
measurement. The relative deformation of the cells in the large strain regime is underestimated because at very
large cell deformations (>>20%) the edge detection algorithm was unable to capture the cells’ edges accurately
due to changes in the contrast.

2.3. The effect of cell size on cell deformation

The deformation of cells within the automated microfluidic OS depends sensitively on the ratio of the radius of
the laser beam at the centre of the trap and the cell radius [23]. Recent works have shown that cell deformation
increases with increasing cell radius [44], while others showed that cell deformation decreased with increasing
cell radius [45]. This contradiction shows the difficulty in normalizing data from the stretcher analytically. To
avoid this problem in this work, cells of the same radii were compared (see figures S2a, S2b and S3a, available
online at stacks.iop.org/NJP/19/093003 /mmedia). However, a maximum change of about £1 pm was
observed in the averaged cell radius for a couple of measurements (see figure S3b). Considering the calculations
in [44] and [45], an increase in cell radius of about -1 pm would lead to a relative increase in strain of about 5%
compared to normal sized cells. That is, if a cell deforms by 0.07%, an increase in its size by 1 pm would lead to a
deformation of 0.0735%. This cell size effect is within our error estimation and is therefore not the cause of the
changes in deformation observed in this work. It is however noteworthy that the deformation of cells in the
automated microfluidic OS is not largely determined by cell radius as pointed out in [45] because their
simulations assumed a homogenous optical property of the cells. A plot of the cell radius against the relative
deformation does not show any particular trend (see figure S4). This suggests that there are other factors such as
cellular heterogeneity, nuclei size and the stage of the cells in the cell cycle influencing cellular deformation.

2.4. Confocal laser scanning microscopy

A mixture (500 pl) containing 250 pl of Nanofectin (GE Life Sciences, Q051-005) and 250 ul GFP E-MAP
tubulin and Lifeact mcherry DNA was added drop-wise to the culture medium in a flask containing MCF7 cells.
The cells were culture for 24 h after which the cells were washed with PBS, trypsinized, centrifuged and
resuspended. The drugs were added at the appropriate times during culture. The cells were allowed to start
settling for 20 min. The cells were then observed on the confocal laser scanning microscope while still having a
spherical geometry.

2.5. Spinning disc confocal microscopy

Cells were cultured in p-Plate 96-wells (ibidi, 89626). Cells were rinsed twice with PBS and kept for 30 min in
staining solution. Staining solution was made of PBS containing 200 nM Tubulin Tracker™ Green
(ThermoFisher, T34075) and 1 pM SiR-DNA (Spirochrome, SC007). Images were taken with inverted Axio
Observer.Z1/Yokogawa CSU-X1A 5000 (Carl Zeiss Microscopy GmbH, Jena, Germany), 63x,/1.30 Immersion
PH3 Objective, lateral resolution of 235 nm and axial resolution of 460 nm for wavelengths of 490 nm. For cell
detachment, we added 1:1 Trypsin-EDTA (Sigma, 59417C) and PBS resulting in final concentration of 0.025%
Trypsinand 0.01% EDTA.

3. Results

The low strain regime was obtained with a stretch laser power of 750 mW (stress approx. 14 Pa) resulting in a
maximum relative deformation below 5% at the end of the stretch (figure 1(a)). Within this regime, a
physiological temperature is maintained [46, 47]. For 1200 mW (stress approx. 23 Pa) a high strain regime was
achieved with maximum relative deformations beyond 5% (figure 1(d)). The applied stress of the stretch laser
was calculated based on ray-optics studies of concentrically placed, spherical shells of different refractive indices
as amodel of cells with a cortical layer. The calculations are described in detail in Ananthakrishnan et al [36] with
additional corrections described in Grosser et al [48].

Small deformations in the linear regime (up to 5% [49]) are dominated by actin and intermediate filaments
[27,50]. For larger deformations between 5% and 25% strain, nonlinear effects of the actin cytoskeleton can
result in nonlinear responses, e.g., strain stiffening [11, 51, 52] and strain softening [53, 54]. The strain response
for small laser powers shows a more pronounced viscous response, whereas for high laser powers a more
viscoelastic response is distinguishable. However, the initial rapid, irregular deformation, between 1 and 1.5 s, is
partially a result of the nuclear thermal instability of the MCF-7 cells [ 55]. Since we further investigate the
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Figure 1. Plots of cells stretched with two different laser powers and the corresponding distributions of the relative deformation and
relaxation fitted with the smoothed probability density function. Cells were stretched with a power of 750 mW (a) or 1200 mW (d) for
2's. The red dashed line indicates the laser power, while the dark green (a) or dark blue (d) is the time-dependent deformation of the
cell. (b) Shows the histogram of the relative deformation of cells at small strains and the arising probability density function. The
distribution is not completely symmetric, as it would be expected for a normal distribution. (c) The histogram shows the relative
relaxation of cells at small strains. The distribution is symmetric as expected for a normal distribution. The minimal optical trapping
force (100 mW) of the laser can cause a negative relative relaxation for quasi-viscous mechanical response of cells. Accordingly, for
large strains, the histograms of the relative deformation (e) and the relaxation (f) of MCF-7 cells are shown.

cytoskeletal effects of toxins, the induced constant offset in the relative deformation due to nuclear reshaping is
not an essential issue in further data analysis.

For small and large strains, we observed asymmetric distributions for the relative deformations at the end of
stretch (t=3 s, figures 1(b) and (e)), given as [r3/r; — 1], which broadens for large strains. Furthermore, we define
the relative relaxation as a measure of plasticity (t =5 s, figures 1(c) and (f)) as following: [r5 — r3]/[r; — r3]. The
relative relaxation distributions at small strains were symmetric at around 0% = 15% for all measurements
(figure 1(c)) but not as broad as the asymmetric relaxation distributions at large strains (figure 1(f)). Since most
distributions are asymmetric, the differences in the deformation behaviour of individual cells is not a simple
Gaussian function. However, we used a bell curve to calculate the mean and variance of the distributions plotted in
the subsequent sections. All comparisons in percentages given in the succeeding sections are done with respect to
the relative deformation of untreated cells.

3.1. The impact of actin filaments on cell deformation at small and large strains
At small strains (<5%, cells stretched with 750 mW), depolymerization of actin filaments by adding LatA
(100 nM) increased the relative deformation of cells up to 75% (figure 2(a)). In contrast to the destabilization, an
increased actin nucleation and polymerization due to the addition of Jas resulted in an increase in cell
deformation with a maximum increase of about 53% occurring at 200 nM (figure 2(b)).

Atlarge strains (=5%, cells stretched with 1.2 W), the disruption of actin filaments led to a maximum
increase of 65% in the relative deformation at 1 uM LatA (figure 2(a)), but initiating actin nucleation and
polymerization via Jas resulted in no significant change in deformability (figure 2(b)).

3.2. Contribution of actin filaments to cell relaxation
Cell relaxation as considered in this work could also be referred to as the degree of cell plasticity since only a very
small percentage of cells relaxed completely in the observation time. Furthermore, at small strains, some cells did
not relax while others responded by active elongation. We refer to an active response if the cells expanded after
stress release above the maximum deformation during the stretch, i.e. the cells displayed a positive slope in the
last second of relaxation resulting in a negative relaxation value. Since these relaxation behaviours cannot be
found in an isotropic viscoelastic material, we suspect that this behaviour is caused by active cellular processes
such as restructuring of the cytoskeleton [8] and the predominant viscous response in the small strain regime.
The disruption of actin filaments or the enhanced initiation of nucleation and polymerization resulted in the
active behaviour of cells at small strains as shown by the negative relaxation values in figures 2(c) and (d). Atlarge
strains, this disruption led to a significant decrease in cell relaxation of 32% at 1 M of LatA (figure 2(c)) implying
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Figure 2. Relative deformation and relaxation of MCF-7 cells treated with latrunculin A and jasplakinolide, respectively. The black
circles are the relative deformation at large strains (cells stretched at 1.2 W), while the squares are for the small strains (cells stretched at
750 mW), mean =+ (SEM + reproducibility variance). The reproducibility variance was obtained by measuring the cells twice per
passage number and for two different passages numbers. The number above each point on the plot is the number of cells from which
the mean was obtained. Asterisks indicate the level of significance of the two-sided Kolmogorov—Smirnov test with p < 0.05, p < 0.01,
P < 0.001 for one, two and three asterisks, respectively. Branched indicators for significance denote significance between all pairs of
included measurements. Sub-branches indicate a lower level of significance between the two samples of the sub-branch. No asterisks
denote samples with no significance compared to control measurement. (a) Shown are the relative deformation of LatA treated cells
for small (squares) and large (circles) strains. The relative deformation increased significantly with increasing LatA concentration for
both small and large strains. An increase from 500 to 1000 nM did not significantly increase the relative deformation. (b) Relative
deformations of Jas treated cells for small (squares) and large (circles) strains are displayed. Cell deformation increased substantially
with increasing Jas concentration for small strains and concentrations up to 100 nM and showed no significant change at large strains.
(c) The relative relaxation, mean =+ SEM, of LatA treated cells are illustrated. At small strains (squares), the cells are actively elongating,
while at large strains (circles), the cells become significantly more plastic with increasing LatA concentration. (d) The relative
relaxation of Jas treated cells revealed that cells actively elongate at small strains (squares) and showed no significant change at large
strains (circles).

that the cells became more plastic. In contrast, the enhanced initiation of actin nucleation and polymerization
had no significant effect on cell relaxation for all concentrations for measurements at large strains (figure 2(d)).

3.3. The impact of microtubules on cell deformation at small and large strains

As shown in (figure 3(a)) for small strains, disrupting the microtubules by adding Noc (ranging from 1 to 20 M)
had no significant effect on the relative deformation of cells. Stabilizing microtubules using Tax (25 nM to 4 uMm)
did not affect the relative deformation at small strains either (figure 3(b)).

Atlarge strains, the disruption of microtubules caused by Noc (ranging from 1 to 10 pm) induced no
significant change in cell deformation. At 20 uM Noc, however, a significant increase of 20% was observed
(figure 3(a)). Stabilization of microtubules via Tax revealed a bipolar effect for measurements at large strains. For
low concentrations, cells initially softened, but subsequently the cell populations stiffened for higher Tax
concentrations. From 25 to 100 nm, the relative deformation increased by about 32%. The deformation
decreased to its original value at 200 nM and remained constant from this concentration to 500 nM. Increasing
the concentration from 500 nM to 2 pM Tax resulted in cell stiffening yielding a decrease of about 40% in relative
deformation (figure 3(b)).

3.4. Contribution of microtubules to cell relaxation

Atsmall strains, the disruption of microtubules resulted in a significant decrease of 70% in cell relaxation at

20 pMm of Noc (figure 3(c)). The stabilization of microtubules in this regime showed no significant effect up to

0.5 pM Tax. However, from 1 pM onwards, cells relaxed actively and expanded after stress release (figure 3(d)). At
large strains, microtubule disruption resulted in a decrease in relaxation of about 23% at 20 um Noc (figure 3(c))
while microtubule stabilization led generally to a decrease in relaxation reaching a maximum of 30% at 50 nm
Tax (figure 3(d)).
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Figure 3. Relative deformation and relaxation of MCF7 cells treated with nocodazole and paclitaxel. The black circles are the relative
deformation at large strains (cells stretched at 1.2 W) while the squares are the small strains (cells stretched at 750 mW), mean + (SEM
+ reproducibility variance). Asterisks indicate the level of significance of the two-sided Kolmogorov—Smirnov test with p < 0.05,

p <0.01,p <0.001 for one, two and three asterisks, respectively. Branched indicators for significance denote significance between all
pairs of included measurements. Sub-branches indicate a lower level of significance between the two samples of the sub-branch. No
asterisks denote measurements with no significance compared to the control measurement. (a) The relative deformation of Noc
treated cells is shown. At small strains (squares), Noc was ineffective for all concentrations and displayed only a subtle trend towards
higher deformability for increasing concentration. At large strains (circles), a significant increase in cell deformation was only observed
at 20 pM Noc. (b) The relative deformation of Tax treated cells revealed no significant overall trend for small strains (squares). For low
concentrations, the deformability approaches lower values whereas for higher concentrations, the cells become more deformable
again. However, both trends have no considerable impact of cell mechanics. At large strains, the effect of Tax was bipolar and
concentration dependent. From 25 to 100 nM Tax, an increase in relative deformation was observed. Above 100 nM, the relative
deformation decreased. (c) The relative relaxation of Noc treated MCF?7 cells shows that the cells became significantly more plastic at
small (squares) and large (circles) strains. (d) The relative relaxation of Tax treated cells is illustrated. At small strains (squares), cellular
plasticity increased with increasing concentration and the cells actively elongate from 1 pM Tax and higher concentrations. At large
strains (circles), cellular plasticity increased generally but was pronounced at smaller concentration of Tax.

4. Discussion

In suspension, cells develop a well-defined spherical geometry, free of visible stress fibres with the actin
cytoskeleton forming an cortex-like structure which spans the entire cell [56]. Moreover, the microtubules
network shows a surprising picture by not clearly indicating whether the microtubules emanate from the
microtubule-organizing centre (figure 4). The microtubules form a random network at the cells’ interior and
pronounced bundles at the periphery (figure 4(a)). This aligned peripheral bundling may be due to collective
buckling at the cells’ boundary. This is in contrast to the radially outward pointing network found in adherent
cells. Microtubules have been shown to have alength-dependent persistence length [57] ranging from 5 to

100 um, which is substantially stiffer than other cytoskeletal filaments. Therefore, the bending of microtubules
within cells emphasizes the presence of compressive forces. We would like to note that local bending can be also
induced by forces exerted by active molecular motors or passive cross-linking effects [58, 59]. However, these
processes cannot sufficiently explain how several microtubules are bent in parallel, which further indicates the
presence of compressive forces. Nevertheless, it remains unclear whether the plasma membrane or the actin
cortex can generate such counteracting forces, but previous studies suggested the latter case [60, 61].

The used high concentrations of toxins refer to clinical relevant dosages; whereas a saturated cytotoxicity is
strongly preferred, see figure 5. Many toxins, e.g. Tax, show less pronounced toxicity for lower concentrations
(figure 5 below 25 nM). Nonetheless, this regime is of interest for fundamental research to investigate functional
details of cellular or cytoskeletal structures, respectively [62]. Studying the accumulation dynamics of Tax, for
instance, can reveal new insights for cancer diagnostics since it has a high binding affinity to microtubules and
accumulates differently in different cell types, pronounced in malignant cells [62—65].
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Latrunculin A Nocodazole

Figure 4. Confocal laser scanning images of MCE-7 cells in suspension showing GFP stained microtubules and RFP stained actin
filaments (scale bars 5 pm). The green filaments are the microtubules while the red represents the actin meshwork. (a) In an untreated
cell microtubules are highly bend and concentrated at the cell’s periphery but form a random network at the cell’s interior. Actin is
spread throughout the cell. Both microtubules and actin form a cortex at the periphery. (b) A cell was treated with 500 nM LatA to
disrupt actin filaments. The microtubule network is maintained as in the non-treated cell with less pronounced actin filaments spread
across the entire cell. (c) A cell was treated with 20 pm Noc to disturb microtubules. Actin filaments are spread across the cell and the
microtubules network is reduced. Nevertheless, a concentrated region at the cell’s periphery is sustained. (d) A cell treated with 2 pm
Tax displays a dense network of aligned microtubules along the cell periphery and actin filaments spread throughout the entire cell.
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Figure 5. Cytotoxicity Assay for different Tax concentrations for an exposure time of 4 d. Paclitaxel stabilizes microtubules and
hinders cell division. For concentrations beyond 25 nM and exposure times of 3 d and more, the toxicity is not majorly increased and
nearly independent of the concentration. Below 500 nM, paclitaxel shows a pronounced lag time in its toxicity for the first 24 h.
Comparable low concentrations of 5 nM lead to strongly decreased proliferation rates. The doubling time of MCF-7 with no Tax was
determined to (38.8 £ 4.2) h. Since the cytotoxicity mainly arises from disrupted cell division and arresting cells in M-phase, only a
fraction of cells, which have entered mitosis, are strongly affected by Tax.

In the low concentration regime, a lag time in the cytotoxic effect can be observed. The doubling time, and
therefore cell cycle time, is approx. 39 h. Only fractions of cells have entered mitosis and are subject to a major
cytotoxic effect of Tax. However, Tax is also toxic in the interphase [66, 67] and solely the mitotic index is not
sufficient to explain the efficacy [64]. For concentrations ranging from 80 to 280 nm, Tax is reported to kill
tumour cells by inducing multipolar divisions [68] (see supplementary figure S5). Subsequently, the aneuploidy
daughter cells will eventually die due to cytokinesis failure and chromosome missegregation [64, 68].

Higher concentrations of Tax (200 nm and above) results in higher fractions of cells forced into mitotic
arrest instead of dividing multipolar. In accordance with previous research [63, 64, 66—68], the induced mitotic
arrest explains the observed rapidly saturated cytotoxicity for long exposure times. The cytotoxicity is also
independent of the concentration if mitotic arrest is induced in cells (200 nM and above, figures 5 and 6).

4.1. Actin filaments dominate cell response at small strains

Atsmall strains, the disruption of actin filaments led to a significant increase in cell deformation (figure 2(a)).
Moreover, initiating enhanced actin nucleation and aggregation [69] resulted in an increase in cell deformation
(figure 2(b)). This increase in deformation is most likely caused by a reduction of cross-linked actin filaments
(figure 4(b)) since he storage modulus strongly dependents on crosslinking density [70, 71]. While actin has a
major influence in this deformation regime, destabilization of microtubules had no significant effect on the
overall cell deformation (figure 3(a)). At a first glance, these findings do not agree with previous studies reporting
that microtubule destabilization initiated acto-myosin contractions in cultured cells [72] while the stabilization
of microtubules inhibited acto-myosin contractions [73]. Additionally, acto-myosin contractions have been
shown to induce cortical flows that are capable of generating inward forces leading to cytokinesis [74]. A
combination of these findings may explain the ineffectiveness of Noc at small strains (figure 3(a)). The reduction
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Figure 6. Comparison of time-dependent cytotoxicity of paclitaxel for two orders of magnitude. The dashed and dotted lines are
exponential decay fits with toxicological half times (grey dashed lines) in the range of approximately 49—67 h with an SEM of 12 h. For
concentrations above 200 nMm, the exponential fits show strong deviations for exposure times of 48 h and longer, presumably due to
saturation effects and cytotoxic lag times.

in cortical microtubule bundles may be counteracted by strain-hardening effects of the actin filaments caused by
increased acto-myosin contractions [75] initiated by microtubule depolymerization. Stabilizing microtubules
had no effect on cell deformation at small strains (figure 3(b)) since the imposed stress is not large enough to
deform the microtubules within the cytoskeleton. Thus, only the actin cortex is effectively probed. The effect of
the stabilized microtubules, however, is indirectly evident as the strengthened microtubules (figure 4(d)) slightly
push the actin cortex slightly outwards. The increase in cellular deformation resulting from actin perturbation
and the ineffectiveness of microtubule stabilization or disruption suggest that actin filaments alone determine
cell mechanics at small strains.

4.2. Microtubules determine cell relaxation at small strains

Cell relaxation at small strains appeared active upon initiating enhanced actin nucleation and surprisingly upon
destabilization of actin filaments, which is illustrated by the drop of the relative relaxation below zero for treated
cells (figures 2(a) and (b)). In contrast, control cells without drug-induced cytoskeletal perturbations remained
inactive displaying a positive value for the relative relaxation (figures 2(a) and (b)). The mechanical properties of
actin structures have been shown to dependent on the cross-linker dynamics [70, 76—78], which highlights that
stretching cells breaks cross-linkers such as filamin and a-actinin [24]. The weakening of physical inter-filament
coupling increases the contribution of viscous deformations and consequently a decrease of elastic contributions
since the percolation of the cross-linked network is decreased [70, 79]. Thus, contractile restoring forces are less
effectively transmitted through the structure resulting in an increase in cell plasticity. Moreover, microtubules
have been shown to buckle upon the active, highly contracting actin cortex during their polymerization [60, 61]
(see figure 4). Stress-induced weakening of the actin cytoskeleton by cross-linker breakage suggests that the
active behaviour of the entire cell may result from the slow unbuckling of microtubules. In turn, this suggests an
entropic origin of the effect, which has been previously reported for both actin and microtubules [58, 78, 80-84].
Destabilizing microtubules resulted in a lack of relaxation, i.e. an increase in plasticity, especially at very high
concentrations of Noc. As shown in figure 4(c), Noc treatment resulted in a reduced but aligned network of
microtubules within the cells. This emphasizes that the actin cortex does not only cover the restoring force at
small strains. The pressure of buckled microtubules also acts as a restoring force to a spherical shape, which is
reduced if Noc is added. In contrast, stabilizing microtubules with a concentration of up to 0.5 pM Tax resulted
in no significant change in relaxation (figure 3(d)). Beyond 0.5 pM, the cells became more plastic. This increase in
plasticity could also result from the unbuckling of microtubules induced by the applied stress in conjunction
with microtubule stiffening by Tax treatment. Furthermore, microtubule networks have been shown to release
stress over very long times [85], which might explain the general increase in cell plasticity after the stretch.

4.3. Actin filaments and microtubules equally contribute to cell mechanics at large strains
Atlarge strains, disrupting the actin filaments resulted in a significant increase in cell deformation. This increase
stems from the loss of mechanical integrity of the actin cytoskeleton and agrees with many reports in literature
[7,24,25].

The role of the microtubules to cell mechanics has previously often been ignored or underestimated. While
the actin cortex is a major contributor to cellular mechanics and stiffness [56], we want to point out that also the
microtubule network forms a cortex in suspended state of cells (see figure 7).
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Figure 7. Time series of spinning disc microscope images of cells under influence of low concentration of trypsin-EDTA (0.025%).
Microtubules stained in green (Tubulin Tracker Green) and nucleus stained in red (SiR-DNA). (a) Before adding trypsin, cells have
well-structured microtubule networks with a microtubule organizing centre (MTOC, white arrows). Microtubule density decreases
towards the cell membrane. (b) After 10 min of trypsination, the MTOC is barely recognizable and microtubules start to form a
cortex-like structure [56]. (c) After complete detachment from the substrate, the MTOC has dissolved and major parts of the
microtubules have formed a microtubule cortex.

Microtubule destabilization increased the overall cell compliance, which is only significant at very high Noc
concentrations (figure 3(a)). Noc reduces the microtubule concentration and consequently weakens the
observed microtubule network structure (see figure 4(c)) leading to a reduced cell stiffness [85]. These
increments in deformation upon destabilizing of both actin filaments and microtubule point towards a
cooperative working principle to regulate cellular mechanics at large strains. The initiation of enhanced actin
nucleation did not affect the cell deformation. In vitro studies showed that actin networks rupture at relatively
low strains at constant stress [85]. Therefore, the role of the actin filaments at large strains is negligible while the
contributions of other filaments such as the intermediate filaments or microtubules become dominant.

4.4. Stabilizing microtubules has a bipolar effect on cell mechanics at large strains

Stabilizing microtubules by Tax treatment has a concentration-dependent bipolar effect with an increase in
deformation at small concentrations of Tax and a decrease at larger concentrations of Tax (figure 3(b)).
Microtubule polymerization imposes an outward force on the cell by forming a scaffold, which impedes
dynamic instabilities. Thus, their stabilization maintains this imposed force and consequently make cells more
compliant. Furthermore, stabilizing microtubules inhibits acto-myosin contractions [73], which oppose cell
deformation. From 200 nM onwards, however, cells are stiffened with an effectiveness peaks at 2 um. This
stiffening could be initiated by stabilized microtubules pushing the actin cortex outward to a point where it
strain-hardens. Since 200 nM of Tax is approximately the threshold concentration for mitotic arrest, we cannot
exclude that cell cycle dependent effects may also play a role. Beyond 2 pM, cells literally explode when higher
forces are applied on them (see supplemented video).

4.5. Actin filaments and microtubules both regulate cell relaxation at large strains

Destabilizing actin filaments decreased the cellular relaxation while initiating enhanced actin nucleation had no
significant effect (figures 2(c) and (d)). This decline in relaxation originates from a reduction in the elastic
strength of the actin cytoskeleton leading to an increased viscous response. Moreover, stabilizing and
destabilizing microtubules led to an increased in plasticity (figures 3(c) and (d)). This could result from the
disruption of the force balance between the actin cortex and outward pushing buckled microtubule. These large
deformations resulting from the high optical forces could also decouple the microtubules from the actin cortex
by breaking actin-microtubule crosslinker or actin filaments in general. On the other hand, at large strains,
microtubules may no longer be bent and thereby losing their original structural role due to an outstretched
configuration, which could lead to an increase in plasticity.

4.6. Different onset of affine and non-affine deformations

To understand the varying effects of the two networks under different strains, we like to emphasize that actin
filaments and microtubules are inherently structurally and mechanically different, which is especially reflected
in their different persistence lengths [8]. In a more generalized frame, cross-linked networks behave differently
than purely entangled networks and cross-linker as well as filament concentrations and length scale distribution
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have a rather large impact on the overall network stiffness [71, 86—89]. These concentrations as well as the
stiffness of a network’s components and their arrangements determine the onset of affine or non-affine
deformations, which is consequentially different for actin and microtubule networks. Resulting entropic and
enthalpic contributions to mechanical properties can substantially vary for these different networks. It has been
stated previously that these differences allow cells to regulate their mechanical responses only by small
alterations of cross-linker or filament concentrations to precisely alter the mechanical properties of the
cytoskeleton [71]. Gardel et al even hypothesized that cell mechanics may vary as a function of external prestress
and small variation in force can yield different mechanical responses [71]. Since cellular networks of actin
filaments and microtubules substantially vary in all different parameters, their transition from affine to non-
affine deformations will be different. While affine deformations of the actin cytoskeleton may govern cell
responses in the low strain regime, its dominance is decreased for large strains due to the transition to non-affine
deformations resulting in a reduced elastic modulus [90]. Within the range of the used large strains, the
microtubule meshwork may still be probed in the affine regime and their mechanical response increases with
larger deformations dominating the response of the entire system. Consequently, the ratio of contributions from
actin networks and microtubule structures are shifted when probing cells with increasing strains yielding
cooperativity effects for the arising mechanical properties.

5. Conclusion

Cells were measured in the suspended state and displayed different morphologies than in the adhered case.
Microtubules were shown to form apparent random networks instead of pointing outwards radially from the
microtubule organizing centre and actin stress fibres were completely absent. In the suspended state, the
microtubule network forms a cortex-like shell in analogy to actin networks of suspended cells. Thus, the
mechanical fingerprints of suspended cells have to be clearly distinguished from adhered cells.

By employing cytoskeletal drugs, we have been able to identify the distinct roles of actin filaments and
microtubules during deformation of suspended cells. In the case of small strains (<5%), the cell deformation is
mainly dominated by actin structures and the subsequent relaxation is mainly governed by microtubules due to
the initiation of an active cell behaviour. In contrast, at large strains (>5%), we found that actin filaments and
microtubules cooperated in maintaining cellular integrity. While the influence of actin filaments appeared
minor, microtubules became increasingly dominant upon Tax stabilization. This stabilization yielded
concentration dependent, bipolar effects on cell deformation. Here, high Tax concentrations refer to clinical
relevant dosage where cytotoxic effects dramatically change a cell’s structure and mechanics. A lower dose is
especially suitable to study and understand the specific roles of the cytoskeletal components.

In the final case, both actin and microtubules were shown to be responsible for cellular relaxation at large
strains. With the implication of microtubules facilitating tumour cell attachment during metastasis by use of
microtentacles, the bipolar effect of Tax on cell deformation could help explain the increase in circulating
tumour cells in blood when taxane treatment was applied before surgery [91]. To further elucidate the role of
these cytoskeletal components, including that of intermediate filaments on cell mechanics, the dynamic change
in these filaments during stretching has to be accounted for.
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