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11  Abstract

12 Cytoskeleton targeting agents are a group of chemotherapeutics used in the therapy of many
13 types of cancer, such as breast, prostate, lung, bladder cancer, and others. At the same time, the
14  assessment of the rheological properties of cancer cells is a relevant marker of their metastatic
15  potential and therapeutic efficacy. For these reasons, understanding the interaction between the
16  actin microfilament (MFs) network, microtubules (MTs), and so-called intermediate filaments
17 (IFs) is crucial for the use of the rheological properties of cells as biomechanical markers. The
18  current work compares the rheological properties of bladder cancer cells T24 and 5637, which
19  differ in cytoskeletal composition, treated with a low dose of docetaxel (DTX) - a microtubule
20 targeting agent (MTA). AFM revealed that 5637 cells stiffen over time when exposed to DTX,
21 whereas changes in rheological properties of T24 cells are less pronounced, and both softening
22 and stiffening of cells are observed. From immunostaining and Western blot analysis, we found
23 that in addition to changes in the content and organization of MTs, reorganization of MFs and
24 vimentin IFs also occurs. We show that both cell and nucleus morphology changes after DTX
25 treatment. DTX treatment decreases and increases the migratory potential of 5637 and T24
26  cells, respectively. The current work shows that vimentin IFs modulate the mechanosensitivity

27  of bladder cancer cells.
28

29


https://www2.cloud.editorialmanager.com/jmbbm/download.aspx?id=296328&guid=a4a80c80-d01c-4e37-b457-743ff0b4b453&scheme=1
https://www2.cloud.editorialmanager.com/jmbbm/download.aspx?id=296328&guid=a4a80c80-d01c-4e37-b457-743ff0b4b453&scheme=1
https://www2.cloud.editorialmanager.com/jmbbm/viewRCResults.aspx?pdf=1&docID=16316&rev=1&fileID=296328&msid=8d8cd51e-7ac0-40d3-8037-28de6b3cf226

30

31

32
33

34

35

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

52
53
54
55

Graphical abstract
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1. Introduction

Over two decades since atomic force microscopy (AFM) was introduced to measure the
mechanical properties of individual cells, both cancerous and normal (Lekka et al., 1999a).
During this time, AFM systems have been modified to study the elastic and viscoelastic
properties of cells. Studies of the bladder (Abidine et al., 2018; Ramos et al., 2014), brain,
breast, lung, skin cells (Bobrowska et al., 2016; Hosseini et al., 2022, 2021), and many others
revealed that cancer cells are more deformable than normal cells. It was concluded that the
mechanical properties studied by AFM depend on the organization of the actin network, one of
the three main components of the cell cytoskeleton. Besides the actin microfilaments (MFs)
network, other biopolymers that participate in maintaining cell shape are microtubules (MTs)
and so-called intermediate filaments (IFs). The most abundant is vimentin, which is found
predominantly in cells of mesenchymal origin (Kraxner et al., 2021). In addition to maintaining
cell shape, actin, microtubule, and vimentin networks play other roles in optimal cellular
functioning. It is known that the MFs, MTs, and vimentin intermediate filaments (VIFs)
interpenetrate and that reorganization of one of them can induce structural changes in the other
two biopolymer networks, causing a cascade of severe consequences for the legitimate

functioning of cells.

In recent years, a substantial interest has appeared in microtubule-targeting agents (MTAS) for
cancer treatment. Among these, taxanes have been used in the therapy of various cancers such
as ovarian, breast, and uterine, but also head and neck cancers, non-small lung cancer, prostate,
and bladder since the 1990s (Cermék et al., 2020; Fojo and Menefee, 2007; Kubiak et al., 2021;
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Skubnik et al., 2021). Taxanes are microtubule targeting agents (MTs depolymerization is
inhibited and an increase in microtubular mass occurs), which, at low concentrations, block the
cell cycle in mitosis and usually induce caspase-dependent apoptosis (Michalakis et al., 2005;
Morse et al., 2005; Smith and Xu, 2021). MTAs have been used to gain more insight into the
role of microtubules in cell mechanics. By MT stabilization, one would expect stiffening of
cells treated with MTAsS; however, research data are inconsistent (Kubiak et al., 2020). Some
reports show an increase in the apparent Young's modulus denoting cell stiffening, while others
demonstrate that cells soften after paclitaxel (PTX) or docetaxel (DTX) treatments. For
example, in 2011, Derely et al. (Derely et al., 2011) showed with combined Raman confocal
microscopy and AFM studies in MCF-7 epithelial breast cancer cells that PTX acts on
microtubules, but its molecules also accumulate around the nucleus and in the cell membrane
(Derely et al., 2011). They also reported softening of PTX-treated MCF-7 cells. Kaffas et al.
proved that the complex shear modulus increases in PTX-treated MCF-7 cells, as measured by
particle tracking microrheology (El Kaffas et al., 2013). In their study, lower PTX doses and
longer exposure times were used, demonstrating that the dose and time of exposure to the agent
are critical. The influence of taxanes on the mechanical properties of human leukemic monocyte
lymphoma (U937 cells), pancreatic (PC-3), ovarian adenocarcinoma (SKOV-3 cells), and
prostate (DU145 cells) cancer has been investigated recently (Hou et al., 2021; Hung and Tsal,
2015; Kubiak et al., 2021, 2020; Ren et al., 2015). In the case of U937, SKOV-3, and PC-3
cells, cell stiffening was observed and concluded to be an expected effect as taxanes induce MT
polymerization. However, studies by Kubiak et al. (Kubiak et al., 2021) showed that in the case
of prostate cancer cells treated with DTX, the cell stiffening resulted from the crosstalk between
the actin filament and microtubule networks. The increased resistance of DU145 cells to
compression after DTX treatment was accompanied by the reorganization of the MTs network
around the nuclei and by the markedly increasing amount of actin fibers at the periphery of
DTX-treated cells. These studies showed that perturbations induced in one of the cytoskeletal
components induce changes in the other components, demonstrating that the complex structure

and function of the cell cytoskeleton are not yet fully understood.

In this study, we investigated the effect of the low dose of DTX on the microrheological
properties of bladder cancer (BC) cells and the structural changes in the cytoskeleton, focusing
on the involvement of different cytoskeletal components in the mechanical stability of cells.
BC is the ninth most commonly diagnosed cancer worldwide. It is associated with significant

morbidity, mortality, and costs (Antoni et al., 2017; Sanli et al., 2017). Therefore, new
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approaches to BC treatment are being introduced. Recently, clinical trials on applying
gemcitabine and docetaxel treatment for BC are underway (Patel et al., 2023; Roumiguié and
Black, 2022). This is another factor motivating for comprehensive studies of the interaction of
bladder cancer cells and DTX. We used microscopic techniques, AFM-based microrheology,
epi-fluorescence and confocal microscopy, and biological analytical methods (Western blot and
cell viability assays) to address this issue. We chose two bladder cancer cell lines, 5637 and
T24, whose cytoskeletons are formed by MTs, MFs, and VIFs, differ significantly in their actin
content. In 5637 cells, the amount of actin is very low, whereas the cytoskeleton of T24 cells is
rich in actin filaments. These two cell lines also show significantly distinct invasive potential.
T24 cells migrate much faster than 5637 cells (Luty et al., 2023;). In parallel, as shown by Tang
et al. (Tang et al., 2023), a large amount of T24 cells (~1200 cells) transmigrated through a
Matrigel with a pore size of 8 um toward 5% serum, while for the 5637 cell line, less than 100

cells passed through such a barrier.

In our research, we showed that low-dose DTX treatment, directly and indirectly, induces
changes in the organization and concentration of all major cytoskeletal components in T24 cells,
preserving their microrheological properties. It is not the case for 5637 cells, where we observed
DTX-induced cell stiffening and no compensatory effects in actin or vimentin networks,
suggesting that compensation by one component for other cytoskeletal components induced

changes is cell-type dependent.

2. Materials and Methods

2.1. Cell cultures

Two bladder cell lines with epithelial origin have been studied: urinary bladder cell carcinoma
(5637, grade 1l, ATCC, LGC Standards) and transitional cell carcinoma (T24, ATCC, LGC
Standards). Both cell lines were cultured in RPMI-1640 medium (Sigma) supplemented with
10% Fetal Bovine Serum (FBS, Sigma). The cells were cultured on plastic Petri dishes (TPP)
at 37 °C in a 95% air/ 5% CO, atmosphere. 24h after seeding, the cell culture medium was
supplemented with docetaxel (DTX, Merck), and the drug concentration was 0.5 nM. The cells
were measured 24, 48, and 72 hours after DTX addition. The AFM measurements were
performed at room temperature in the RPMI-1640 medium.

2.2. AFM-based force spectroscopy
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A Nanowizard 4 AFM (JPK, Germany) was used to examine the nanomechanical properties of
DTX-treated cells. The AFM is combined with an inverted optical microscope (IX71, Olympus,
Japan) to control sample-probe localization. The cells were probed with soft (nominal spring
constant of 0.01 N/m) triangle MLCT-C cantilevers (Bruker, Germany) with a four-sided
pyramidal tip. The probes were calibrated using the thermal noise method (Sader et al., 1999;
Schillers et al., 2017). Each cell was examined over the nuclear region, and the scanning area
was 4 um x 4 um, over which a 16-pixel grid was collected.

The nanomechanical properties of cells were quantified using the apparent Young's modulus
(E) calculated as a function of indentation (). The probing depth was obtained by subtracting
the calibration curve recorded on a non-deformable surface. To determine a contact point, the
baseline is overlaid with a horizontal line, the decoupling of which tells the contact point used
for ¢ calculation (Ramos et al., 2014; Zemta et al., 2020). The obtained force curves were fitted
with Sneddon's modification of the Hertz model (Lekka et al., 1999; Schillers et al., 2017),
assuming that a cone can approximate the four-sided pyramid of the probing tip. The relation
between the loading force (F) and the indentation is:

F((S) — 2Esqmpietan(a) 62 (1)

2 )
"(1_“sample)

which is true when Young's modulus of the probe is several orders of magnitude larger than
Esample. Msample 1S the Poisson's ratio, which relates to the compressibility of the sample. It has
been set to 0.5, as cells are assumed to be incompressible. o is a half-open angle of the probe,
and for MLCT, it is 21 degrees. Data were normalized to control samples according to the
following equation:

AE = (22} 5 1009%. )

Ecer

Eorx and Ecr are apparent Young's moduli of cells non-exposed or exposed to DTX,

respectively, and they are expressed as mean + standard error of the mean (SEM).
2.3. AFM-based microrheology

The experiments were performed with a Nanowizard Il AFM (JPK, Germany), accessible in
the Laboratory of Interdisciplinary Physics (LIPhy) at University Grenoble Alpes, operating in
force modulation mode. We applied MLCT-C cantilevers, calibrated using the thermal noise
method (Sader et al., 1999; Schillers et al., 2017). Measurements were conducted for six
modulation frequencies ranging from 1 to 300 Hz. One modulation cycle was recorded within
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the nuclear region on one cell. A minimum of 50 cells was measured. The AFM head is mounted

on an inverted fluorescence microscope (Observer D1, Zeiss, Germany).
2.3.1. Oscillations using an AFM

In microrheological mode, a cell is indented with an AFM probe at a certain depth (do), and
then small sinusoidal deformations () at a given frequency (f) are superimposed. The initial
indentation was below 1 pum to avoid distorting the results stemming from the substrate
stiffness. Cantilever displacement is registered with a photodiode, and therefore, the force is
derived analogously as in classical force spectroscopy (i.e., by multiplying cantilever deflection
by the cantilever spring constant). The relation between the force and the indentation for a

conical probe is given by:

_ 3Esgmpletana oo
Fy = ——————6g.
4 (1-p2)

(3)

Thus, we impose the piezo displacement Z and therefore, the indentation J(w) and the force
response F(w) is measured, as previously described (Abidine et al., 2021, 2018, 2015). We
assume that 6 << d, and account for the relationship between complex shear modulus (G*) and
the apparent Young's modulus, i.e., G* =E*/(2*(1+u)). After linearization, the final
relationship is obtained:

') = ' +i6" = —L— (22 _ j4p(0)). (@)

" 3tana 5o \6*(w)

where G' and G" are storage and loss moduli, characterizing elastic and viscous properties of
the sample, respectively. The iwb(0) part of the formula is an amendment regarding the
hydrodynamic drag created by oscillations of the cantilever in the fluid. The drag depends on
the viscosity of the medium, velocity, and tip geometry. It was found that b(0) = 6.95¢10° Ns/m
for the MLCT-C cantilevers (Abidine et al., 2021).

2.3.2. Rheological model

The most common approach is to model viscoelastic data with a power law, i.e., G' and G"
change with a power of the frequency (f), G~ fin a given frequency range (Abidine et al., 2021;
Alcaraz et al., 2003; Flormann et al., 2021; Hecht et al., 2015). The power £ is a dimensionless
number characterizing the degree of dissipation of such a material. For a purely elastic solid,
= 0 (using G’), while for an ideal viscous Newtonian fluid, g = 1 (using G ). Typically, the
power-law exponent of living cells varies from 0.1 to 0.3 (Abidine et al., 2021; Alcaraz et al.,

2003). However, a single-power law exponent rarely covers the whole frequency range, thus, a

6
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double-power law behavior, proposed by Abidine et al. (Abidine et al., 2021), is applied here.
Storage and loss moduli frequency dependence is of the following form:

G' = Go(D)* + G1(D),6" = G, (D) + G5 (D), (5)
0 0 0 0

and f is expressed in Hz, and fo = 1Hz. As a result, we get prefactors Go, G1, G2, G3 expressed
in Pascals (Pa), while exponents a, b, ¢, d are dimensionless. When a plateau for G' is obtained
at low frequencies a = 0, and Go is the elastic plateau modulus. We note further that for low
frequencies when the second term is negligible, G' ~ Go(f/fo)? so Go~G'(1Hz), and similarly G"
~ G2(f/fo)¢ so Go~ G" (1Hz). The transition frequency fr corresponded to G'(fr) = G"(fr) and was
calculated by iterations of the following equation:

L a — L [ L d
Go (fo) Gy (fo) + G3 (fo) , (6)
after neglecting the second term in G’.

Fitting parameters (Go, G2, and transition frequency fr) are normalized w.r.t. the apparent shear

Young's moduli (see eq. 2).
2.4. Immunostaining of actin filaments and microtubules

Control and DTX-treated cells (24 h, 48 h, and 72 h) at a density of 30,000 cells per well were
cultured in 24-well plates (TPP). Before staining, the cell culture medium was removed, and
the cells were rinsed with phosphate-buffered saline (PBS, Sigma-Aldrich). Cells were then
fixed in 3.7% paraformaldehyde (20 minutes at room temperature) and washed with PBS, cold
0.2% Triton X-100 solution, and PBS again. The cells were then incubated with Alexa Fluor
488-conjugated phalloidin (Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA)
diluted at 1:200 in PBS for 30 minutes and then incubated overnight with anti-B-tubulin
antibody conjugated with the fluorescent dye Cy3 (Sigma-Aldrich, Poznan, Poland), also
diluted at 1:200 in PBS. Finally, nuclei were stained with Hoechst 33342 dye (Sigma-Aldrich,
Poznan, Poland) at a dilution of 1:200 in PBS. After each staining step, the samples were rinsed

three times with PBS.
2.5. Cell imaging with epi-fluorescent and confocal microscopy

Confocal images of actin and tubulin networks were performed with a confocal microscope
accessible in the Laboratory of in vivo and in vitro imaging at Maj Institute of Pharmacology,

Polish Academy of Sciences. The Leica TCS SP8 WLL confocal microscope, equipped with
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new-generation HyD detectors set at 405-500 nm (Hoechst) and 509-560 nm (Alexa Fluor 488)
was used. Fluorescent dyes were excited by diode lasers: 405 nm (Hoechst) and white light
laser with emission wavelength set at 499 nm (AlexaFluor 488). Images were registered using
an oil immersion 63x objective lens (HC PL APO CS2 NA 1.40)

Epi-fluorescence images were acquired using an inverted fluorescence microscope (Olympus
1X83) equipped with an objective LUCPlanFLN (20x), 100 W mercury lamp, and a set of filters
with maximum emission at 594 nm and 420 nm. Images were recorded with an XC10 camera

(2.4 million pixels).
2.6. Determination of the cell projected area

The single-cell projected area was calculated using a macro supported in ImageJ software (open
source code, https://imagej.net/software/fiji/), developed by Prauzner-Bechcicki et al.
(Prauzner-Bechcicki et al., 2015). For each image, the number of nuclei and the projected cell
spreading area of all cells (Swta) Were calculated. Then, Sitar Was divided by the number of
nuclei, and the single-cell projected area (S) was obtained. The single-cell projected area values
are expressed as mean + standard error of the mean (SEM) and are used to calculate relative
cell projected areas (4Srel, according to a formula similar to eg. 2), i.e., changes concerning

untreated cells.
2.7. Nuclear morphometric analysis

Filippi-Chiella et al. introduced an ImageJ plugin (Filippi-Chiela et al., 2012) that distinguishes
normal and deformed nuclei in cells in 2D cultures. Nuclei of adhered cells vary in size but
have a very regular shape. Thus, the analysis of the nuclei morphology of cells treated with
several types of chemicals changing nuclei shape led to the suggestion of seven categories of
nuclei. The distinction between the groups, normal (N), irregular (), large regular (LR), large
irregular (LI), small regular (SR), small (S), and small irregular (SI), is based on size and so-
called nuclear irregularity index (NII), which is calculated from the aspect, area box, radius
ratio and roundness of a nucleus. The critical step sets the threshold separating populations with

normal and irregular nuclei.
2.8. Determination of cell height

The cell height was manually estimated during the AFM-based microrheological
measurements. The AFM probe was brought into contact with the substrate next to the

measured cell. The probe was then retracted from the surface (a few micrometers) and placed
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over the measured cell using micrometric screws. The tip was then brought into contact with a
cell surface using an approach command. Changes in the Z stage position were used to calculate
the cell height.

2.9. Western blot

The Western blot (WB) method analyzed vimentin and tubulin expression levels in bladder
cancer cells. Briefly, supernatants were separated on 10% SDS-PAGE gels and transferred to a
polyvinylidene difluoride membrane. Vimentin (D21H3) XP® rabbit mAb (#5741) and mouse
anti-a-tubulin monoclonal antibody were purchased from Cell Signaling Technology (Boston,
USA) and Merck (Poznan, Poland), respectively. The aqueous solutions containing antibodies
were used in the 1:1,000 ratio. Bands were visualized with horseradish peroxidase-conjugated
anti-rabbit secondary antibody (Cell Signaling Technology). WB was performed in duplicate
and repeated two times for each condition (n=4). The intensity of the WB bands was analysed
using ImageJ software. Data are presented as mean + SD. Statistical significance was tested by
t-test (* p<0.05; ** p<0.01; *** p<0.001).

2.10. Migration assay

Cells were cultured as described in Section 2.1. 12-well plates (TPP) were used for the
experiment. After a certain DTX incubation time, the plate was placed in the incubator chamber
of the Olympus 1X53 microscope, in which temperature, humidity, and CO. levels were
controlled. Time-lapse monitoring of cell movement was carried out as described by Korohoda
and Madeja (Korohoda and Madeja, 1997). Images of cells were taken 10 minutes apart over
an 8-hour and 4-hour period in the case of control and DTX-treated samples, respectively. The
analysis of the obtained images was carried out with the use of the Hiro software 1.0.0.4
(developed for the Department of WBBIB of the Jagiellonian University by Wojciech Czapla);
this program analyzes the changes in the position of the cell centroid. Cell tracks are presented
in circular diagrams in which the starting points of the trajectories are reduced to a common
origin located at the center of the coordinate system. 50 cells were analyzed per case.

2.11. Assessment of DTX cytotoxicity by MTS assay

DTX cytotoxicity was obtained using an MTS assay (Sigma-Aldrich). T24 and 5637 cells were
seeded in 24-well plates at 80,000 cells per well. The number of HCV 29 cells in a well was
40,000. After 24h in culture, the medium containing 10% FBS was replaced with 1 mL of
RPMI-1640 supplemented with 1% FBS and different concentrations of docetaxel. DTX
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concentrations were 0.1; 0.25; 0.5; 1.5; 3.0; 5.0; and 10nM. DTX incubation time was 24, 48,
and 72h. After incubation with DTX, the drug-containing medium was replaced with 0.5 mL
of RPMI-1640 (1% FBS). Next, 100 pL of CellTiter96®Aqueous One Solution Reagent was
added to each well, and a plate was placed in the incubator for 2h. After the incubation, from
each well, a volume of 100 pL was transferred to a 96-well plate (TPP), and absorbance at 490
nm was measured using a spectrophotometer (ELISA SPECTROstar Nano, BMG LABTECH).
The experiment was repeated three times.

2.12. Statistical analysis

MTS data are presented as mean * standard error of the mean (SEM). Data describing
morphometric and cell motility properties of cells are expressed similarly. Original Young's
modulus values were also calculated as mean + SEM. Normalized values of cell area (4Srei),
elastic plateau modulus 4Go™, transition frequency (4£""), and height (4Arei) were calculated
according to a formula similar to eq. 2. Errors of normalized parameters were estimated from
the error propagation method. The statistical significance of E, S, and h data was evaluated
using Kruskal-Wallis ANOVA included in OriginPro 9.1 software. Cell migration speed and
distance, also presented as mean + SEM, were tested with the t-Student test at a 0.05
significance level. The following notation was applied: * p < 0.05; ** p < 0.01; *** p < 0.001.
Migration data were also tested for significant outliers using Grubb's test. The number of cells
measured and fluorescence images analyzed in this study are summarized in Table 1.

Table 1 Number of cells and fluorescence images used to obtain morphometric and
microrheological parameters characterizing DTX-treated 5637 and T24 cells.

Cell # cells
e
measurement line Ctr DTX Ctr DTX Ctr DTX
24h 24h 48h 48h 72h 72h
5637 87 82 25 48 105 113
Young’s modulus
T24 63 72 77 42 59 96
Rheological 5637 42 39 - - 31 37
properties and cell height | T24 51 95 - - 47 93
Cell morphology, 5637 7 (images)
NIl analysis T24 7 (images)
5637 50
Cell migration
T24 50

10



293 3. Results
294 3.1. Viscoelastic characterization of bladder cancer cell lines treated with low dose

295 docetaxel.

296  We investigated the local mechanical properties of bladder cells using AFM and obtained DTX
297  time-dependent relative changes in the apparent Young's modulus values (4Ere). In the case of

298 5637 cells, an increase in 4Eve is observed with time (Fig. 1a).

a) b)
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299

300 Figure 1 The relative changes in the apparent Young's modulus (normalized to control)
301 obtained for 5637 and T24 bladder cancer cells treated with DTX for 24h, 48h, and 72h.
302  Statistical significance was tested with Kruskal-Wallis ANOVA (*p < 0.05; **p < 0.01; ***p
303 <0.001).

304  After 24 h of DTX treatment, Eptx is approximately 10% higher than Young's apparent modulus
305  of control cells. Over time, the increase in Eprx becomes more pronounced, 16% at 48h and
306 41% at 72h. T24 cells respond differently (Fig. 1b), with Eptx < Ectr at 24h and 48h decreasing
307 by 8.5% and 11%, respectively. An opposite response to a drug stressor is observed after 72h

308  when Eptx > Ecr and the change is at the level of 7%.

11
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Figure 2 Rheological properties of 5637 (a) and T24 (b) bladder cancer cells. Storage (G',
black) and loss (G", red) moduli of cells treated with a low dose of DTX for 24h and 72h fitted
with a double power law model. The transition frequency is indicated by vertical dash blue

lines.
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Next, we characterized the viscoelastic properties of the studied cells after 24 and 72 hours of
low-dose DTX treatment. Figure 2 shows frequency-dependent changes in the viscoelastic
properties of control and DTX-treated T24 and 5637 cells. In the low-frequency range, we
observe typical solid-state viscoelastic behavior where G' > G". In the high-frequency range,
where G' < G", the fluidization of the cells occurs. In the case of T24 and 5637 cells, G' shows
a weak power law dependence, with characteristic plateaus (Go) at low frequencies (below
30 Hz). The shear elastic plateau module of 5637 cells is lower than Go of T24 cells (Table 2).
For control cells (0 + 24h), itis 571 £ 31 Pa and 1363 + 30 Pa, respectively. In both cases, there
is no difference in the value of the exponent of the power law, being 0.086 + 0.023 (5637 cells)
and 0.07 = 0.01 (T24 cells) for 48h in culture and 0.065 + 0.016 (5637 cells) and 0.064 + 0.010
(T24 cells) for 96h in culture.

DTX exposure alters the elastic response to oscillatory deformation of 5637 cells. After 72h of
treatment, the shear elastic plateau modulus is 2~fold higher than for control cells. The power
coefficient is also larger, 0.065 + 0.016 vs 0.13 £ 0.03 for control and drug-exposed cells. For
T24 cells, we observed a decrease in Go after 24h of DTX treatment compared to the control,
while no difference in the shear elastic plateau modulus values was observed at 72h.
Interestingly, no change in the power law exponent was observed regardless of the drug

exposure time.

The viscous response of cells to frequency-dependent oscillatory deformations is described by
the loss modulus, to which a double power-law model was fitted (Eg. 5). Examination of
Table 2 and Figure 2 shows a strong power-law dependence of G". At low frequencies, the loss
modulus of 5637 cells varied strongly, which is emphasized by G, and ¢ parameters. After 24h
of DTX treatment, we obtained a decrease in Gz, so less viscosity contribution to the overall
mechanical properties of 5637 cells. In contrast, after 72h of DTX exposure, G, was greater
(4G2™ = 2.38 + 0.74), and the power coefficient ¢ decreased by about 50 % compared to the
control (Table 2). In the case of T24 cells, we observed slight changes in G2, but compared to
control samples and after error propagation estimation, there is no pronounced change in G" at
low frequencies. Compared to the power ranges of the G™ function in the low and high-
frequency ranges, ¢ changes from 0.24 to 0.45, and d changes from 1.4 to 1.7, respectively.

Both Gz and d are relevant to the transition frequency calculation.
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344  Table 2 Elastic plateau modulus (Go), exponents of double power law models (a, c, d), Gz and
345  Gg3coefficients of G*’, and transition frequencies (fr) obtained from the fit of the double-power
346 law model.
parameter | Cell line Ctr 24h DTX 24h Ctr 72h DTX 72h
5637 577 +31 463 + 23 748 + 28 1569 + 169
Go (P2) T24 1363 + 30 1010 + 39 1402 + 34 1439 + 17
5637 | 0.086 +0.023 | 0.070 £ 0.020 | 0.065 + 0.016 | 0.13 +0.03
2 T24 0.07+0.01 | 0.074+0.016 | 0.064 + 0.010 | 0.062 + 0.005
Gs (Pa) 5637 91+13 74+14 93+17 221+ 29
T24 148 + 23 128 + 18 145+ 24 160 £ 20
5637 0.35+0.08 0.41+0.09 0.45+0.09 0.24 +0.08
¢ T24 0.43+0.08 0.41 +0.07 0.44 +£0.08 0.37 £ 0.07
5637 0.96 + 0.45 0.26 £ 0.19 0.59+0.42 1.99 +0.87
Gs (Pa) T24 1.2+0.74 0.82+0.45 1.2+0.8 2.7+1.2
5637 1.47 £ 0.08 1.69£0.12 1.61+0.11 1.44 + 0.08
d T24 15+01 1.58 £ 0.09 1.56+0.1 1.40 £ 0.07
= (H2) 5637 64 55 S57 132
T24 73 69 70 73
347
348  Figure 3 shows the changes in relative shear elastic plateau modulus (taken from the plateau)
349 and relative transition frequencies of T24 and 5637 cells. These two parameters clearly
350  distinguish the viscoelastic changes induced in the cells by DTX. In the case of T24 cells, a
351  slight decrease in Go is observed after the 24h drug treatment, and a very small variation in fr
352 (Fig. 3). On the contrary, the 5637 cells are characterized by the distinctive increases of both
353 Gpand fr (4Go™ = 1.10 + 0.31 and 4f"® = 1.3) after 72h of culture in DTX-containing medium,
354  which implies the stiffening of the 5637 cells and their increased resistance to the applied
355  deformations, respectively.
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Figure 3 Normalized shear elastic plateau modulus (4Go"™') and transition frequency (4fr"') of
T24 (triangles) and 5637 (squares) bladder cells treated with a low dose of DTX for 24 and 72

hours, solid and open data points, respectively.

3.2. Cell morphology after low-dose DTX treatment.

Exposure of bladder cancer cells to DTX caused their morphological changes depending on the
exposure time. Significant changes in cell height and cell projected area were observed for T24
and 5637 cells after 24h of exposure to the drug (Fig. 4a). DTX treatment resulted in an
approximately 23% increase in the height of T24 and 5637 cells (21.8% + 6.8% and
22.8% + 7.8%, respectively). The decrease in mean cell projected area of 33.4% + 9.6% was
observed for 5637 cells, while 24 hours of DTX exposure of T24 cells resulted in a decrease in
cell projected area at the level of 25% (Fig. 4). After 72 hours of drug treatment, there were no
significant differences in the height and cell projected area in the case of T24 cells. In contrast,
the height of 5637 cells increased (19.4% * 6.9%) while the mean projected cell area of DTX-
treated cells did not differ from that of control 5637 cells (4Srel = 14% + 14%). Similarly, after
48 hours of DTX treatment, 4Srei 0f both T24 and 5637 cells was close to zero within the error
bar (Fig. S2). While there is no clear correlation between 4Er and 4Sre as a function of the
DTX exposure time (Fig. 4c), the increase in height and elastic modulus of treated 5637 cells
was preserved (Fig. 4b). In the case of T24, a slight increase in the height of treated cells was

accompanied by a lower mean value of elastic modulus compared to control cells (Fig. 4b).
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Figure 4 The relation between cell height and mechanical properties of T24 (triangles) and 5637
(squares) cells exposed to DTX. (a) Changes in cell height (44re) and cell projected area (4Srer)
after 24 and 72 hours of DTX treatment (solid and open symbols, respectively). (b) Variation
of the relative elastic modulus (4Ere) in relation to the relative cell height with respect to DTX
exposure time. (c) Variation of the AEre in relation to the ASye with respect to DTX exposure
time. Statistical significance was tested with Kruskal-Wallis ANOVA (* p<0.05; ** p<0.01;
*** n<0.001).

3.3. Cytoskeleton reorganization caused by DTX treatment.

Exposure to low-dose DTX induces changes in the organization of the cytoskeleton in both
studied bladder cell lines. Confocal microscopy images of actin fibers and microtubule
networks show that in 5637 cells, actin is localized at the cell edges, whereas in T24 cells, actin
filaments form stress fibers and are also abundant at the periphery of spreading T24 cells
(Fig. 5). Overall, actin is more abundant in T24 cells than in 5637 cells. Exposure to DTX
results in the reorganization of the actin, microtubule, and vimentin networks. Figure 5a shows
images of actin and MTs organization in 5637 cells exposed to docetaxel. The intensity of the

actin signal is lower after drug treatment.
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394  Figure 5 Cytoskeleton organization in 5637 (a) and T24 (b) cells before and after treatment with
395 low-dose DTX. Actin and tubulin are green and magenta, respectively, and nuclei are blue.
396  White arrows point to multinucleated cells, and white stars indicate tightly packed and

397  concentrated microtubules. Microtubule organizing centers (MTOCs) are marked with yellow
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arrowheads. The scale bar refers to all confocal images. Results of the Western blot showing
changes in actin and vimentin content in 5637 and T24 cells, (c) and (d), respectively. Data
normalized to the control and presented as means £ SD (n = 4). Statistical significance was
tested with the t-test (* p<0.05; ** p<0.01; *** p<0.001).

In contrast, an increase in microtubule density is observed (Fig. 5a, marked with white stars),
and MTs are tightly packed around the nucleus of the cell. In the case of T24 cells, 24 hours of
DTX treatment causes actin aggregation at the regions adjacent to cellular protrusions. After
72h of the drug treatment, the actin signal appears to be much weaker (Fig. 5b). There are no
noticeable changes in the microtubule network organization after 24h exposure of T24 cells to
DTX. However, after 72h, we find an increased density of microtubules close to the nuclei, and
the characteristic radial alignment of MTs is disturbed. While microtubule organizing centers
(MTOCs) are easily detected in control T24 cells, MTOCSs are difficult to locate in DTX-treated
T24 cells (Fig. 5b, yellow arrowheads). In both cell lines, irregular nuclear shapes or

multinucleated cells are observed after docetaxel treatment (Fig. 5, white arrows).

The vimentin and actin content in 5637 and T24 cells was examined by Western blot analysis.
The longer 5637 cells were exposed to DTX, the less vimentin was detected (Fig. 5c¢). In
contrast, exposure of T24 cells to low-dose DTX increased vimentin content (Fig. 5d). In
addition, a decrease in actin levels for T24 cells is observed after 72 hours of DTX-treatment
(Fig. 5d). In the case of 5637 cells, WB data revealed a slight decrease in actin levels with

respect to control cells (Fig. 5c).

3.4. Morphology of nuclei forced by MTs organization ruled by DTX treatment.

DTX treatment strongly alters the organization and compaction of MTs and causes mitotic
arrest. Additionally, Smith and Xu describe a potential non-mitotic mechanism of paclitaxel
action. They show that paclitaxel-induced rigid microtubules can act to break malleable cancer
nuclei into multiple micronuclei (Smith and Xu, 2021). Therefore, changes in nuclear
morphology are expected as a result of DTX treatment, while standard analysis of the mean
projected nucleus area (data not shown) revealed no changes in nuclei morphology after cell
exposure to DTX. Then, we used the NIl approach to visualize changes in nucleus morphology.

Figure S2 shows the morphological analysis of nuclei from 5637 cells treated with low-dose
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DTX. For control cells, at each time point, approximately 90% or more of the population have
normal nuclei (Fig. S2 a,b,c and Tab. 3). After DTX treatment, we observed a significant
increase in the population of irregular (1) nuclei. In addition, large regular and irregular as well
as small and small regular nuclei appear or increase in number, while the population of normal
nuclei decreases to about 50% after 72 hours of drug treatment. After 24 hours of exposure of
5637 cells to DTX, we already find a slight increase of subpopulations of cells within SR and |
nuclei types. While the population of irregular nuclei in control cells was about 4.6% (Tab. 3),
it increased to about 7.6% in DTX-treated 5637 cells. The SR nucleus population increased
from 3.5% + 2.2% to 9.4% = 4.3% after 24 hours of DTX exposure (Fig. S2 a, Tab. 3). After
the next 24 hours of drug exposure, the pronounced change in the size of the populations of SR,
LR, LI, and I was registered. The LR and I groups accounted for approximately 19% of the total
nuclei population. The population of large regular nuclei increased from about 1.3% to 4.6%
(Fig. S2 b, Tab. 3). The most spectacular change in the ratio of different types of nuclei shapes
was observed in 5637 cells after 72 hours of drug treatment. The population of small regular
nuclei increased almost 2-fold when compared to the control group. The number of LR nuclei
changed slightly (7.1% + 2.1% and 4.1% + 0.4%, respectively). The number of irregularly
shaped nuclei also increased in DTX-treated (72 hours) 5637 cells. The most striking change
was observed in the size of the large irregular nucleus population. The LI group accounted for
approximately 23% of the total number of nuclei examined in 5637 DT X-treated cells.

In the case of T24 cells, DTX treatment caused less spectacular changes in the percentages of
different types of nuclear subpopulations (Fig. S3, Tab. 4). Inspection of Figure S3 and Table
4 shows that the most pronounced change occurs in the case of irregularly shaped nuclei. After
24 hours of DTX exposure, the subpopulation of I nuclei represents approximately 8% of the
total nuclear population. At 48 and 72 hours of drug treatment, the size of the subpopulation of
I nuclei increases to approximately 11% (Fig. S3 b,c, Tab.4). Approximately 10% of T24 cells
treated with DTX for 72 hours have small regular and large regular nuclei (4.5% + 1.1% and
5.4% + 3.4%, respectively), whereas in control samples these subpopulations were not detected

or were small (Tab.4).

Table 3 Proportions of different shapes and sizes of nuclear subpopulations in control and DT X-

treated 5637 cells. Data are presented as mean + SD of the percentage of the total nuclear
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459  population. Groups designated as N-normal, S-small, SR-small regular, SI-small irregular, LR-
460 large regular, LI-large irregular, and I-irregular.
Percent of nuclei (mean = SD)
- 0+24h 0+48h 0+72h
ctr +DTX ctr +DTX ctr +DTX
N (896 +24|742+8.0|942 +12(629 £3.4| 88 +27 48 + 14
S 03+06 |48 £3.0| 02 +04 | 31 +£05 | 04 £06 | 79 £3.0
SR [ 35+22 | 94+43 | 12 +10 | 97 £34 | 159 +37| 38 +11
Sl - 0.3 +0.6 - 0.3 £0.6 - -
LR | 13 +£12 |29 +£21| 13 +£08 |46 £15 | 4104 | 7121
LI | 1.5 +£05 |07 0.9 - 72 £37 | 14 £1.0 | 235 +6.9
| 46 £25 |76 £15| 31 +£0.7 | 122 £3.0[189 £9.0/259 +7.6
461
462  Table 2 Percentages of different shapes and sizes of nuclear subpopulations in control and DTX-
463  treated T24 cells. Data are presented as mean = SD. Groups designated as N-normal, S-small,
464  SR-small regular, SI-small irregular, LR-large regular, LI-large irregular, and I-irregular.
Percent of nuclei (mean = SD)
T4 0+24h 0+48h 0+72h
ctr +DTX ctr +DTX ctr +DTX
N | 989 +1.6(887 £35(948 +52| 81 12 WO ® ) T3
1.0 5.7
S - 1.7+24 - 11 £1.6 - -
SR - 15 +21 - 16 £2.2 - 45 +1.1
Sl - - - - - -
LR - - 52+52 | 39 +28 |17 +05|54 +34
LI - - - 19 £0.6 - 1.7 £0.5
I - 8.1 £3.2 - 10.7 £8.0| 0.3 +0.6 e
55
465
466
467
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3.5. Docetaxel reduces the migration of 5637 cells and induces T24 cells to migrate.

Low-dose DTX treatment alters the migration patterns of bladder cancer cells. The data show
that 5637 cells are actively migrating even after 96 hours (0+72 h) of culture (Fig. 6 a,c),
whereas T24 cells showed reduced migratory ability. Figure 6 (b, d) plots the relationship
between displacement and total trajectory length of individual 5637 and T24 cells. In the case
of control samples, we observe that among 5637 cells cultured for 72 and 96 hours, there is a
subpopulation of cells migrating to distances greater than 75 um, while under similar
conditions, T24 cells migrate to a maximum displacement of less than 50 um. After the
exposure of cells to DTX, the overall migratory potential of 5637 and T24 cells is reduced
compared to the control (statistical significance at p = 0.0001), however, among T24 cells, we
have a group of cells (~10%) that moved a minimum distance of 100 um (Fig. 6 b,d).

a) b) control of 5637 cells DTX-treated 5637 cells
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Figure 6 Migration of control and DTX-treated (24, 48, and 72 hours) 5637 and T24 cells
(recorded for 8 and 4 hours, respectively, at 10-minute time intervals). In a) and c¢) exemplary
data, trajectories of control 5637 and T24 cells (0 + 72 hours), respectively, are shown as
circular plots (axis scale in um) drawn with the starting point of each trajectory placed at the
origin of the graph. The radii of the plots are 200 um and 150 pum for 5637 and T24 cells,
respectively. In b) and d), displacements and total trajectory lengths of control and DT X-treated
(24, 48, and 72 hours) 5637 and T24 cells, respectively. Solid symbols refer to 24 hours of DTX

treatment, half-open, and open to 48 and 72 hours, respectively.
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4. Discussion

Our results show that exposure of bladder cancer cells to even a low dose of DTX directly or
indirectly induces changes in their structure (shape of nuclei), morphology (height), function
(migration, division), and rheology (apparent Young's modulus and shear elastic plateau
modulus). AFM-based investigation of T24 and 5637 cells revealed a different response of the
cells to DTX treatment. Both nanomechanical and rheological measurements of 5637 cells
showed that cell stiffening (positive values of 4Er and AGo™) increased with longer DTX
exposure times. On the other hand, T24 cells were characterized by negative values of 4Ey and
AGo™ after 24 and 48 hours of DTX treatment, while after 72 hours, they showed statistically
significant but slight stiffening compared to control cells. We did not observe any changes in
transition frequency, implying that the internal response of the cytoskeleton to deformations
did not differ. An opposite behavior was observed in 5637 cells. After 72 hours of DTX
exposure, the range of frequencies where cells exhibited elastic behavior (G'> G") was broader
(fr " = 57Hz and fr °™ = 132 Hz); however, an additional change in the value of the power
exponent of G' (a) in the high-frequency range (f > fr) increased from 0.065 + 0.016 to 0.13 +
0.03 suggesting a slightly more fluid state of the DTX-treated 5637 than control 5637 cells
(possibly more breaks in the cytoskeletal biopolymer networks).

Based on this contrasting behavior, we hypothesized that the mechanism of changes induced
by microtubule-targeting agents must depend on the cytoskeleton composition. Therefore, we
compared these cell lines by examining their structure and morphology after DTX treatment.
We analyzed changes in cell nucleus size and shape using the NII approach, as well as
cytoskeletal network organization and protein content using immunostaining and Western blot.
NII analysis revealed that for 5637 cells, the subpopulation of normal nuclei (size and shape)
decreases to 48 + 14 % (DTX-treated, 72h). Among the rest, large irregular (LI) and irregular
() nuclei are dominant subpopulations. These data correlate with changes in the height
(increase) of DTX-treated 5637 cells. While the cell height increases, the cell projected area of
DTX-treated 5637 cells decreases after 24 hours of exposure, and no statistically significant
change in S was found after 48 and 72 hours (4Sre1 = 7.9 £ 9.6 % and 14 + 14 %, respectively).
In addition, confocal images clearly show an increased concentration of microtubules near the
nucleus, which form dense rings that compress the nucleus, resulting in an increase in height
rather than the projected cell area and partially irregular shape of nuclei. In the case of T24
cells, the subpopulation of abnormal nuclei is at the level of 20-25%, and the subpopulation of
irregular nuclei after 48 hours and longer of DTX treatment is about 10%. Interestingly, after
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24 hours of drug exposure, T24 cells increase in height, but A4S < 0. After 72 hours, the height
and S of control and treated T24 cells do not differ, accompanied by AEye > O (stiffening). The
results show no correlation between mechanical properties and cell height. Confocal images of
microtubule organization in DTX-treated (72h) T24 cells showed that instead of radial

dispersion of MTs, the network is denser and polarized along the cell body of the cells.

This observation correlates with the increased migratory properties of a subpopulation of T24
cells cultured under these conditions. On the other hand, 5637 cells become less migratory after
DTX treatment, which is understandable considering the unique organization of MTs, densely
packed and grummets, in 5637 cells cultured in a medium containing a low dose of DTX. Close
inspection of the confocal images also shows that a rearrangement of the actin network occurs
after DTX treatment. While in the case of 5637 cells, there is little or no pronounced change in
the intensity of actin filaments (in agreement with WB data), in T24 cells, we observe a
significant decrease in the fluorescence intensity of the Alexa 488 label after DTX treatment
(in agreement with WB), which is an indicator of a significant deficit of actin when compared
to the reference cells. In conclusion, after DTX treatment, we have a denser MTs network and
a poorer actin network in T24 cells. Such a cytoskeletal composition is also found in 5637 cells
and is accompanied by a pronounced cell stiffening, while T24 cells soften (24 and 48 hours of
drug treatment) or slightly stiffen (72 hours). This striking difference suggests that a third factor
can adjust the mechanical response of DTX-treated T24 cells. In addition to MTs and actin
filaments, a third cytoskeletal component is the vimentin interfilament network, and we
hypothesized that both actin and VIFs are responsible for the weak response of DTX-treated
T24 to imposed deformation (small perturbations in E and shear plateau modulus, and no
changes in transition frequency). It has been reported that vimentin-deficient cells exhibit a less
robust microtubule network orientation and greater microtubule fluctuations, as they show
impaired migration, contractility, and resistance to mechanical stress (Schaedel et al., 2021),
which is exactly the case for 5637 cells and the opposite of T24 cells.

Indeed, after DTX treatment, the vimentin content decreased of about 20% (0.81 + 0.02, at 72h)
in 5637 cells, while in T24 cells, vimentin became more abundant with exposure time (1.136 £
0.083, 1.129 £ 0.038, 1.323 + 0.037 for 24, 48, and 72 hour of DTX treatment, respectively). It
explains small subpopulations of irregular nuclei. Vimentin has been shown to regulate nuclear
shape and volume and to protect the nucleus from DNA damage (Strouhalova et al., 2020). It
also explains very weak changes in rheological properties, as vimentin is known to act as an

intracellular shock absorber against tensile stress, being able to efficiently dissipate large
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amounts of mechanical energy, thereby protecting cell integrity (Block et al., 2018; Kraxner et
al., 2021; Patteson et al., 2020; Schepers et al., 2021; Wu et al., 2022). Wu et al. (Wu et al.,
2022) reported that vimentin also contributes to the stiffness of mouse embryonic fibroblasts.
Furthermore, increased migratory behavior of vimentin-rich cells has been reported (Battaglia
et al., 2018; Kraxner and Koster, 2023; Shaebani et al., 2022; Wu et al., 2022), which is also
consistent with our findings. However, another question arises here. DT X-treated T24 cells are
rich in microtubules and vimentin, while there is a decrease in actin content (by about 14%,
11%, and 25% for 24h, 48h, and 72h of DTX treatment of T24 cells, respectively). This result
indicates that T24 cells soften after 24 and 48 hours of DTX treatment due to a decrease in actin
levels, which cannot be compensated by an increase in vimentin, as both are at similar levels.
However, after 72 hours, an increase in vimentin levels is pronounced compared to the decrease
in actin content. Nevertheless, it is intriguing why we do not observe a more pronounced
stiffening of the cells (72 hours of drug exposure). The explanation may be related to the fact
that taxanes induce phosphorylation of vimentin (Kroning and Lichtenstein, 1998; Kuburich et
al., 2023; Strouhalova et al., 2020; Vilalta et al., 1998). The N-terminus of vimentin has a large
negative charge, targeted by several protein kinases that phosphorylate neutral serine residues,
inducing further charge changes (Patteson et al., 2021). These can lead to filament disassembly,
reducing the stiffness of the VIF network (Kraxner et al., 2021; Patteson et al., 2021). Thus, we
conclude that in the case of T24 cells, we do not observe alterations in rheological properties
after DTX treatment due to the crosstalk of microtubule, actin, and vimentin networks.
Reorganization and higher density of MTs is accompanied by a decrease of actin and a
simultaneous increase of vimentin, shock absorber, but due to partial disassembly of the VIF
network, we do not observe stiffening of DTX-treated T24 cells. In the case of 5637, our data
indicate that no pronounced changes in actin and VIFs content occur after treatment, and thus,
the density and arrangement of the MTs network determine the mechanical properties of 5637

cells as well as their resistance to mechanical stress.
5. Conclusion

Here, we report that the balance between three major cytoskeletal networks regulates the stress
resistance of DTX-treated T24 cells. Our data show the relevance of the VIFs network in
preserving the mechanical properties of T24 after exposure to a microtubule targeting agent
cannot be excluded. This new finding will undoubtedly open up new avenues for a broader
study of the function of VIFs, which have often been assumed to be of minor relevance to cell
mechanics due to their short persistence length compared to MFs and MTs. We also report that
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compensation by one of the components for changes induced in other cytoskeletal components
is cell-dependent. Due to the complexity of the cytoskeleton network, further studies are needed
to understand the role of intermittent filaments in cell rheology fully. We also revealed that
within DTX-treated T24 cells, there is a subpopulation of cells with increased migratory
potential. The presented results suggest that this is worthy of further investigation as DTX is

used in BC second-line therapies.
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