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Abstract: Glioblastoma multiforme (grade IV glioma) is characterized by a high invasive potential 
making surgical intervention extremely challenging and patient survival very limited. Current 
pharmacological approaches show at best slight improvements in the therapy against this type of 
tumour. Microtubules are often the target of antitumoral drugs, and specific drugs affecting their 
dynamics by acting on microtubule associated proteins (MAPs) without producing their 
depolymerization could affect both glioma cell migration/invasion and cell proliferation. Here we 
analysed, on a cellular model of glioblastoma multiforme, the effect of a molecule (hereafter defined 
as “1g”) which was shown to act as a cytostatic drug in other cell types by affecting microtubule 
dynamics. We found that the molecule acts also as a migration suppressor by inducing a loss of cell 
polarity. We characterized the mechanics of U87MG cell aggregates exposed to 1g by Micropipette 
Aspiration and we analyzed the effect of the drug on invasion and traction force of spheroids 
embedded in a 3D gel matrix. To grasp the biochemical pathway through which this molecule acts, 
we moved to 2D cell cultures testing substrates of different stiffness. We established that this 
molecule selectively produces an almost instantaneous loss of cell polarity blocking migration and, 
at the same time, a disorganization of the mitotic spindle when cells reach mitosis, leading to frequent 
mitotic slippage events followed by cell death. We can state that the studied molecule produces 
similar effects to other molecules that are known to affect the dynamics of microtubules, but probably 
indirectly via microtubule-associated proteins (MAPs) and following different biochemical 
pathways. Consistently, we report evidence that, regarding its effect on cell morphology, this 
molecule shows a specificity for some cell types such as glioma cells. Interestingly, being a molecule 
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derived from a benzodiazepine, 1g chemical structure could allow this molecule to easily cross the 
Blood Brain Barrier. 

Keywords: GBM; Invasion; Microtubule; Anticancer Drug; Biomechanic; Spheroid 
 

1. Introduction 

Glioblastoma multiforme (GBM) is one of the most common malignant primary brain tumors 
and, despite a numerous efforts to find an effective therapy, it is still characterized by a very poor 
prognosis [1,2]. Among others, one feature that makes GBM difficult to defeat is its ability to migrate 
and infiltrate into the surrounding brain parenchyma and these properties are strongly related to a 
continuous dynamic reorganization of the polymers making up the cytoskeleton of glioblastoma cells 
[3–7]. At the same time, many of the changes in cell properties during tumor progression induce 
significant alterations in the architecture and mechanical properties of both the tumor cells and the 
surrounding host tissue. The strategies against this type of tumor, like in other cases, are complicated 
by the potential go-or-grow behaviour of the involved malignant cells. This mechanism refers to a 
hypothesis, derived mainly from in-vitro experiments, according to which the infiltrative and 
proliferative states of cancer cells are mutually exclusive phenotypes [8–15]. Moreover, a problem of 
glioma cells, which is also typical of other tumor cells, is their ability to adapt to changing 
environmental situations by adjusting for example the migration strategy to a variation of the 
physical environment [16–18]. Although the available standard therapy for GBM has evolved into 
multimodality approaches, comprising temozolomide and the antiangiogenic monoclonal 
recombinant antibody bevacizumab, corticosteroids, and immunotherapy, unfortunately, the 
improvements in patients’ survival have been only modest [19,20]. This has led to an important effort 
to identify new molecular targets in GBM tumors, specifically focusing on pathways involved in 
motility, applied traction force, and proliferative properties of the associated cells [21–26]. It is known 
that cellular and matrix mechanics are involved in many biological functions in eukaryotic cells, such 
as migration, differentiation, morphogenesis, and proliferation [27–29]. The cytoskeleton and the 
associated proteins are responsible both for transducing external mechanical stimuli into biochemical 
processes and for the application of stresses to the external matrix. This sort of mechanical reciprocity 
is strictly dependent on the activity of cytoskeleton-associated motor proteins and the cell/matrix 
adhesion molecules and it is altered in the case of developing and migrating tumors [30–34]. Specific 
Microtubule-Associated Proteins (MAPs), especially those related to the highly dynamic behaviour 
of microtubules, could represent a good focus to simultaneously act on the invasion and proliferation 
activity of GBM cells. From this point of view, compounds that selectively target MAPs inducing 
alteration of microtubules dynamics but preventing their depolymerization could more selectively 
target cancer cells, in which the dynamic activity is strongly enhanced [35,36]. 

We recently demonstrated the ability of a new 2-benzodiazepine-3-one derivative (hereafter 
referred to as 1g) to arrest the cell cycle progression in human leukemia Jurkat T cells and HeLa cells 
by altering mitotic spindle formation during mitosis with the formation of multipolar spindles 
without centrosome amplification and by affecting microtubule dynamics [37,38]. In the case of HeLa 
cells, the molecule does not appear to affect microtubule organization in interphase and it does not 
seem to interact directly with microtubules but rather through some MAP. This behavior opens up 
the possibility of a specificity of the interaction of this molecule for different cell types, due to the 
presence of different MAPs in different cell lines. Since the new molecule is supposed to be able to 
cross the blood-brain barrier [39], it could represent an interesting candidate in the fight against brain 
tumors. In this work, we studied how 1g interferes with the replication, migration, and mechanical 
properties of the U87MG cell line. We considered different cell environments to study the effect of 
1g, starting from multicellular spheroids, and then moving to single-cell migration on substrates of 
different stiffness. We found that 1g is able to reduce the expansion of cell spheroids in Matrigel® 
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matrices and strongly affects (by decreasing) collective contractility. Exploiting 2D systems to deepen 
our understanding of the biochemical action mechanism of 1g, we found that, in the short term, this 
molecule affects cell morphology in the short term by removing cell polarity in a cell-specific manner 
on U87MG cells and not on fibroblast (NIH3T3) cells. The polarity loss is then associated to a strong 
decrease in the migration ability in terms of cell directionality and explored area. In a long-term effect, 
1g strongly perturbs the mitotic process in a less cell-specific way by producing a multipolar spindle 
with aberrant mitosis. In interphase, after the initial rounding effect, cells flatten on the surface 
without polarizing and cells undergoing mitosis, after prolonged attempts to perform division, 
perform a mitotic slippage and flatten on the surface We also focused on the mechanobiology of 
U87MG cells on substrates of different stiffness analyzing the specific effect of the 1g molecule in 
these different situations. At the same time, we characterized the mechanical phenotype of the cells 
exposed to 1g both by Atomic Force Microscopy (AFM) at the single cell level and by the Micropipette 
Aspiration Technique (MAT) for cell aggregates. We found an increased stiffness for single cells 
exposed to 1g for 24 h (cells not in mitosis and with a round shape, i.e., cells in interphase probably 
after an attempt of mitosis) and a decreased stiffness and surface tension for spheroids, where the 
mechanical properties strongly depend on the cell/cell interactions and on the extracellular matrix. 
We suggest that 1g, at the tested concentrations, acts by altering microtubule dynamics without 
inducing depolymerization. In terms of cellular morphology and migration capacity, this molecule is 
therefore more effective in the case of cells that rely significantly on microtubules for these functions, 
such as glioma cells. We also found pieces of evidence suggesting an interaction of the molecule at 
issue with the microtubule/plasma membrane attachment sites causing both a loss of polarity and an 
aberrant mitotic fuse formation due to the disorganization of the astral microtubules. 

2. Results 

2.1. 

2.1.1. g Reduces U87MG Spheroid Matrix Invasion 

Multicellular spheroids are an advantageous model system for studying cell invasion in a 3D 
environment and the role of the mechanical properties of the cell environment on cell invasion [40–
44]. Recently, they attracted much interest because they ensure conditions such as the presence of an 
oxygen gradient from the peripheral zone to the central one of the aggregate, with the internal area 
in some cases reaching a necrotic condition, and they include the presence of intercellular 
interactions, and the presence of the extracellular matrix, making the cell environment more similar 
to that of in-vivo cancer tissues. We first measured the expansion rate of U87MG spheroids embedded 
in a basement membrane matrix (Matrigel®, Corning Inc, Corning, NY, 10 mg/mL protein content). 
Figure 1a shows optical microscopy images of U87MG spheroid expansion under control conditions 
and exposed to a 1g concentration of 20 μM 35 hours and 68 hours after their embedding. Control 
spheroids showed a larger area increase in comparison to those treated with 1g, both at 35 hours and 
68 hours. We then analyzed the projected area of the spheroid at the equatorial plane, normalized 
with respect to the initial area, as a function of time (Figure 1b). The reduced expansion of the U87MG 
spheroids establishes that 1g can affect cell behavior in the 3D configuration, where cells can 
experience strong cell/cell interactions. From the area expansion shown in Figure 1b, it is in principle 
possible to calculate the volume increase, assuming the complete shape of the structure as spherical, 
since the entire 3D image of the spheroid is not available. Interestingly, the central region of the 
control spheroids shows faded edges, indicating a prevalent migratory behavior of cells, whereas the 
central region of spheroids exposed to 1g shows a well-defined and persistent edge, indicative of 
reduced cell migration from this region (see Movies S1-S2). 
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Figure 1. a) Normalized equatorial area expansion of a control (DMSO) U87MG spheroid and a spheroid of the 
same cells treated with 20 μM 1g. The spheroids were embedded inside a Matrigel® matrix as described in 
Methods; b) Images of a control and of a 1g treated spheroid at different time points. The line highlighting 
spheroid expansion has been obtained using the Analyze_Spheroid_Cell_Invasion_In_3D_Matrix tool from FIJI. 
(bar = 200 μm). 

Finally, we analyzed the migration mode of the expanding U87MG cells by time-lapse 
microscopy (see Movies S3-S4). Whereas the migration in the control condition appeared mainly as a 
collective phenomenon, with cells extending long processes ahead, 1g-treated cells, in addition to the 
limited expansion, moved more individually, remaining mainly round-shaped and suggesting a 
more amoeboid-like migration mechanism (Figure 2 and Movies S3-S4). These experiments indicate 
that 1g is able to reduce U87MG spheroid invasion in a Matrigel matrix. 

 
Figure 2. Comparison of the cell shape between the control sample and the U87MG spheroid exposed to 20 μM 
1g. Both spheroids were embedded in a Matrigel matrix. The frames are representative of the spheroids at the 
beginning of th experiment and after 68 hours. (bar = 50 μm). 

2.1.2. g Reduces Contractility of U87MG Spheroids Embedded in Matrigel 

To extend the results obtained with spheroid invasion experiments, we concentrated on Traction 
Force Microscopy (TFM) experiments on spheroids embedded in the same basement membrane 
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matrix. In this context, we based our analysis on the work by Mark et al. [45]. We thus measured the 
contractile properties of cell aggregates as a function of time in the presence or absence of 1g. 
Contractility is an important parameter in analyzing the invasive behavior of cells in a 3D 
environment, as cells exploit traction force applied on the fibers of the matrix to migrate [46,47]. The 
specificity of the present approach is the measurement of traction forces/contractility for a cell 
aggregate and the fact that the analysis is applied in the context of the non-linear elastic behavior of 
the embedding matrix. In this way, the physiological matrix environment of a tumor sphere is better 
represented with respect to synthetic matrices which are typically characterized by a linear elastic 
regime. To perform this analysis, we measured the displacement of micron-sized fiducial markers 
represented by 5 μm diameter latex beads at the equatorial plane of the spheroid, assuming a 
spherical symmetry for the spheroid and its environment and reproducing the experiment in silico 
after establishing a look-up table for the specific matrix we used [48]. The assumption of spherical 
symmetry of the system greatly simplifies the requirements for reconstructing the force field. In our 
case, the matrix we exploited was composed of Matrigel® (10 mg/mL protein content, Young’s 
modulus of about 400 Pa), which has an almost linear elastic behavior. Anyway, in the contractility 
analysis, we nonetheless considered the presence of a small non-linear behavior[49]. Figure 3a shows 
three different frames, corresponding to different time points of the experiment, of U87MG spheroids 
under control conditions and in the presence of 1g 20 μM. Figure 3b reports the situation at the end 
of the experiment highlighting the displacement vectors for the beads. Figure 3c reports the mean 
contractility of the spheroids as a function of time. The spheroids produced a monotonic contraction 
of the gel with time with an almost radial symmetry. Movies S5 and S6 show the evolution of the 
experiment over 46 h of imaging with frames acquired every hour for both two control spheroids and 
two spheroids in the presence of 20 μM 1g. It is important to note that we never observed a pushing 
process of the expanding spheroids on the beads. The presence of this behavior could eventually be 
related to the duplication of cells not compensated by invasion and a consequent expansion of the 
spheroid volume or, even if the spatial resolution in our experiment is not sufficient to measure this 
effect, to an amoeboid cell migration mode. In our case, the traction force of invading cells probably 
overcomes the cell duplication process which is limited anyway in the time interval we considered. 
In this case, contractility is represented by (pressure) x (surface area) and it is expressed with units of 
force. We found that the presence of 1g decreases from the beginning of the experiment the 
contractility produced by the cells till a stabilization phase. The value we obtained for the contractility 
after 12 h (about 150 μN) is compatible with the value reported by Mark et al. on similar cells [45] 
and it is important to emphasize that the obtained force value points to the relevance of the collective 
behavior of the cells as different with respect to the simple sum of individual behaviors, especially 
over long time intervals. This could be due to the larger force applied by the spheroid and the strain 
stiffening effect of the extracellular matrix, even in the case of an almost linear behavior of Matrigel. 
From a physiological point of view, the strain stiffening phenomenon and the possible alignment of 
fibers of the matrix could lead to increased cell invasion. These experiments indicate that the limited 
spheroid invasion could be related to a decreased contractility of the cells in the presence of 1g. 
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Figure 3. Traction Force Microscopy of U87MG spheroids. a) Frames at different time steps of a control U87MG 
spheroid and of a U87MG spheroid in 15 μM 1g. The spheroids were embedded in a Matrigel® matrix with 5 μm 
diameter latex beads; b) Representation of the traction force at the end of the experiment for a control and a 1g 
treated spheroids; c) Plot of the mean contractility as a function of time for spheroids in the different conditions 
(two experiments for each conditions are reported). 

2.1.3. Micropipette Aspiration Technique (MAT) Shows that 1g Decreases Surface Tension of 
U87MG Spheroids 

From a physical point of view, it has recently been highlighted how typical physical properties 
of cell aggregates share some similarities with solids and liquids, and the relevant mechanical 
parameters are defined by their stiffness (Young Modulus), viscosity, and surface tension [40,50,51]. 
In particular, the surface tension in liquid drops, such as in spheroids, controls both the size of the 
corresponding spherical shape and the possibility of detachment of smaller droplets from the main 
structure, a process that resembles the initial step of the metastatic pathway. Accordingly, it has been 
found that spheroids composed of with high metastatic potential cells are typically characterized by 
a lower surface tension compared to non-metastatic cells [52]. Different techniques can be exploited 
to measure the passive mechanical properties of spheroids such as their Young Modulus, viscosity 
and surface tension [50]. Here we exploited the Micropipette Aspiration Technique (MAT)[53,54]. 
Figure 4a shows a bright field image of an U87MG spheroid at the beginning of an aspiration 
experiment inside a glass micropipette. Figure 4b reports the evolution of the spheroid projections 
inside the micropipette as a function of time when a pressure step of 20 cm H2O (1960 Pa) is initially 
applied, and released after 40 min. Two curves, representative of control and 1g treated spheroids, 
are reported. The behavior immediately after the pressure step is related to the elastic properties of 
the cell/ECM aggregate. This phase is followed by a viscous flow of the aggregate inside the 
micropipette. Different mechanical phenomenological models can be exploited to describe the 
relaxation behavior as a function of time and, in our case, we used the modified Kelvin-Voigt model 
depicted in Figure 4c [55]. According to this model, in parallel with a Voigt element (a spring 
characterized by a Young modulus k2 in series with a damper η2 representing a friction coefficient 
related to the initial instantaneous spheroid deformation) there is a spring with Young modulus k1 to 
account for the instantaneous elastic deformation (the region is highlighted in the plot) and the 
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overall model is in series with another dashpot η1 (viscous dissipation of the spheroid tongue) to 
account for the long-term flow of the cell aggregate. The specific behavior for the creep response of 
the spheroid can be written as: 

 (1) 
where L(t) is the spheroid projection inside the micropipette and F is the applied stress, which in this 
case is given by: 

𝐹 = ∆𝑃 − ∆𝑃௖ 
where ΔP is the effective pressure step that is applied and it represents the parameter we can control, 
and ΔPc is the critical pressure, i.e., the pressure above which the spheroid starts to move inside the 
micropipette. In Eq. (1) we can identify a time constant, i.e., a characteristic viscoelastic time, for the 
initial spheroid deformation given by: 

 

 

Figure 4. Micropipette aspiration of U87MG spheroids. a) Sequence of three images during the aspiration process 
of an U87MG spheroid exposed to 20 μM 1g. L represents the length of the tongue to be used for the fitting 
procedure; b) Representative aspiration and relaxation curves for a control spheroid (black squares) and 1g 
treated spheroid (red circles). In the plot the regions exploited to obtain vin and vout (see text) are highlighted. The 
continuous lines represent the fit of Eq. (1) to the data; c) Rheological model exploited to obtain Eq. (1). These 
experiments indicate that 1g is able to decrease the surface tension and viscosity of U87MG spheroids. 

Moreover, the equation for L(t) can be considered as the sum of a first contribution due to an 
initial viscoelastic behavior of the spheroid, and a second contribution that corresponds to a 
continuous flow of the spheroid inside the micropipette at constant velocity given by: 
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The dissipative term connected to Eq (1) is related to the rearrangement of the cells composing 
the spheroid when they cross the initial mouth of the micropipette. In fact, a good passivation of the 
micropipette inner surface with BSA or Surfasil (see Methods) should avoid the presence of viscous 
dissipation due to the spheroid flowing inside the micropipette in contact with its inner wall. 
According to the Eq. (1) we have the initial tongue deformation: 

 (2) 
The meaning of the two spring constants can be associated with two Young Moduli, which are 

related to the elasticity of the spheroid which comes into play at long times (with respect to a 
characteristic time) after the start of the aspiration process (k1) and to the instantaneous initial 
deformation (k2) which is usually related to an elastic behavior of the actin cortex of the cells. ΔPc can 
be related to the Laplace law for the aspirated spheroid with a surface tension. In fact, we can write: 

 (3) 
where Rp is the radius of the micropipette and R is the radius of the spheroid. Experimentally, 

ΔPc could be measured by considering the minimum applied pressure difference that initiates the 
continuous flow of the spheroid tongue inside the pipette. In practice, this is the Laplace pressure 
due to the curvature imposed by the pipette size. By neglecting the initial part of the spheroid 
deformation, in the aspiration part of the experiment we can measure the constant flow speed of the 
tongue inside the micropipette at long times. This value should be given by: 

 
If the external pressure is released, the pressure driving the tongue retraction is given by 𝐹 =

−∆𝑃௖  and we have, after a long enough time interval: 

 
If we consider the two speeds we just calculated, we can obtain: 

 
where we have to consider that the retracting speed is negative. We preferred to evaluate 
∆𝑃௖  following the procedure we just described instead of measuring the minimum pressure required 
for the continuous flow of the spheroid inside the micropipette. Once ΔPc has been evaluated, the 
corresponding surface tension of the spheroid can be obtained exploiting Eq. (3). In the case of control 
spheroids we obtain ∆𝑃௖ = (11.6 ± 2.3) 𝑐𝑚𝐻ଶO (1.137 𝑘𝑃𝑎) (n = 3). This value corresponds to 𝛾 =

∆௉೎

ଶ൬
భ

ೃ೛
ି

భ

ೃ
൰

= (19.6 ± 1.0)
௠ே

௠
 for control spheroids. In the case of spheroids exposed to a 20 μM 

concentration of 1g we have: ∆𝑃௖ = (7.8 ± 3.0)𝑐𝑚𝐻ଶ𝑂 = 765 𝑃𝑎 and, for the surface tension we 
obtain: 

𝛾 =
∆௉೎

ଶ൬
భ

ೃ೛
ି

భ

ೃ
൰

= (13.2 ± 2.0) 𝑚𝑁/𝑚(n = 3). 

We observed 3 spheroids for both conditions and the observed trend was always the same, 
corresponding to a decrease in surface tension when spheroids have been exposed to 1g for 24 h (see 
Movies S7-S8). In principle, a decrease in surface tension should favor the detachment of single cells 
from the aggregate enhancing the possibility of metastasis [52]. However, here we think that the 
reduced tissue surface tension is due to the increase of the cortical tension of U87MG cells after 24 h 
of exposure to 1g, as we will describe below. The increased cortical tension decreases the cell-cell 
contact area and adhesion, reducing the overall tissue surface tension. 

For sufficiently long times since the initial pressure difference step, Eq. (1) becomes: 
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𝐿(𝑡, 𝑡 → ∞) =
𝐹

𝑘ଵ

+
𝐹

𝜂ଵ

𝑡 

Accordingly, a linear fit to the last part of the aspiration data provides both the speed of the 
entering spheroid (vin), as we previously described, and the intercept for t = 0 that corresponds to 𝛿 =
ி

௞భ
. In the two different cases we obtain: 𝛿௖௢௡௧௥௢௟ = (55 ± 10) 𝜇𝑚, 𝛿ଵ௚ = (87 ± 12) 𝜇𝑚 (Figure S1). At 

the same time, considering the stress/strain relationship, the first term of Eq. [1] represents the typical 
behavior of a viscoelastic solid body with a first Young modulus given by: 

𝐹

𝜋𝑅௣
ଶ

= 𝐸
𝐿

𝑅௣

 →  𝐿 =
𝐹

𝜋𝑅௣𝐸
 →  𝑘ଵ = 𝜋𝑅௣𝐸 →  𝐸 =

𝑘ଵ

𝜋𝑅௣

 

which comes into play for times longer than the characteristic one defined by the exponential 
dependence. For the control spheroids we obtain: 𝐸ଵ,௖௢௡௧௥௢௟ =

ி

గோ೛ఋభ,೎೚೙೟ೝ೚೗
=

ோ೛(∆௉ି∆௉೎)

ఋభ,೎೚೙೟ೝ೚೗
= (449 ±

40) 𝑃𝑎 whereas, for spheroids exposed to 1g we have 𝐸ଵ,ଵ௚ =
ி

గோ೛ఋభ,೒
=

ோ೛(∆௉ି∆௉೎)

ఋభ,೒
= (412 ± 40) 𝑃𝑎 . 

Considering Ref. [56] and the fact that we treated the inner surface of the glass pipette to avoid 
adhesion as much as possible, we can calculate the viscosity of the aggregates according to: 

 
In the case of the control spheroids we have 𝜂௖௢௡௧௥௢௟ = (2.6 ± 0.4) ×

ଵ଴ఱ௉௔

௦
and for the spheroids 

exposed to 1g we have: 𝜂ଵ௚ = (1.9 ± 0.3) × 10ହ𝑃𝑎/𝑠. 

2.2.  

2.2.1. g Reduces Cell Division in 2D Cell Cultures 
Data obtained with U87MG spheroids established that 1g can limit the traction force exerted by 

these cells in a 3D environment and, accordingly decrease their invasion capability. At the same time, 
we observed a decrease of the surface tension upon exposure of the cells to 1g, with cells behaving in 
a more individual manner and limiting the traction force they can apply to eventually orient fibres of 
the ECM. In addition, previous experiments using different cell lines showed that 1g arrested the cell 
cycle in the G2/M phase [57]. We thus focused on 2D cultures of U87MG cells to analyze their 
proliferation and migration, when they are exposed to 1g. Figure 5 shows examples of the effects of 
20 μM 1g delivery to U87MG cells within a very short time interval (~ 15 min). The cells visibly 
rapidly loose their polarization with a fast retraction of the processes. 
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Figure 5. Effect of 1g on the morphology of U87MG cells. a) Examples of U87MG cells before the injection of 20 
μM 1g into the culture medium and their corresponding morphology 1h after the injection (the markers in each 
column correspond to 20 m); b) Statistical analysis of the elliptical shape defined as the ratio of the two axes 
resulting from an elliptical fit of the cell morphology. 

Co-cultures experiments with different cell lines, such as NIH3T3 cells, showed that the 
phenotypic changes we observed were cell-type specific (Fig. S3 and Movie S9). The presence of 1g, 
at the concentration that produced the retraction of processes in U87MG cells, had negligible effects 
on the morphology of NIH3T3 cells. 

We also analyzed the seeding of U87MG cells in the presence of 1g. Observing by time-lapse 
optical microscopy the behavior of the cells from the moment they are seeded, we found that U87MG 
cells, in the presence of 1g, are able to adhere and spread on the substrate but they are not able to 
polarize, in contrast to what happens in the absence of 1g (Fig. S4 and Movie S10). In fact, in the 
presence of the drug, cells flatten as round objects on the surface and they are characterized by a 
strong dynamic behavior along their perimeter, continuously trying to break the symmetry but 
without success. 

In addition, we measured the effects of 1g on U87MG cell adhesion (Figure 6). The cells were 
treated with the compound at 5-50 μM for 30 minutes and with 1g 20 μM for 6 hours (pre-treated 
cells), in the latter case the cells were washed out after the incubation time and plated with the 
untreated medium. The 30-minute adhesion capability of U87MG cells, to the ECM monolayer, is 
increased in the presence of different concentrations of 1g. In particular, the compound significantly 
increased the adhesion of the cells at the highest concentration tested. Interestingly, when we 
performed a 6h pre-treatment with 1g 20 μM, the cells adhered much better than the cells treated for 
30’ at the same concentration. Indeed, the absorbance reached the value obtained at a higher 
concentration such as 50 μM. These data support and confirm the previous finding, indicating that 
the cells react to the 1g treatment, as shown by peripheral dynamism, but without success. 

 

Figure 6. Cell adhesion assay for U87MG cell line. Cells, pre-treated or not with 1g 20 μM or not, were grown 
on BME and incubated with EMEM without FBS alone (Ctrl and pre-treated with 1g 20 μM) or with 5, 20, or 50 
μM of 1g and expressed as rates of U87MG cell adhesion to culture plates (abs = 540 nm). 
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To investigate the reversibility of the 1g treatment in the context of its effect on cell polarity, we 
exposed U87MG cells to 20 μM 1g concentration for 5 hours, we then we washed out the drug and 
returned to the normal culture medium. Figure S5 and Movies S11 show that, after the washout of 
1g, cells re-acquire their normal polarization and start migrating again, reaching a normal mitotic 
process. 

Considering cell morphology, the observed behavior is similar to what Venere et al. found in 
glioblastoma multiforme cells when the molecular motor Kif11 was inhibited by ispinesib58. The 
interesting aspect of molecules targeting this specific molecular motor is related to the fact that they 
would work against the formation of the mitotic spindle without affecting the transport of vesicles 
along microtubules in interphase in the case of brain tumors. Moreover, Kif11 has been found to be 
relevant also in cell migration59 and its inhibition would imply the blockade of both the proliferative 
and invasive capability of cells. Therefore, we analyzed whether the effect of 1g could be related to 
the inhibition of Kif11. It has to be taken into account that inhibition of Kif11 would block the 
centrosome separation, leading to the formation of a so called monopolar spindle (monoaster). 
However, both in U87MG cells and in the previously studied HeLa cells, the presence of separated 
asters associated with γ-tubulin was observed, as shown in Figure S6. Moreover, the distance among 
the different γ-tubulin marked asters in 1g treated cells is lower than in control cells, pointing to an 
effect of 1g on the dynamics of microtubules. It is interesting to consider that 1g was able to induce 
multipolar spindles even in the absence of centrosome amplification for HeLa cells, has also reported 
in the case of paclitaxel at clinically relevant concentrations [60]. 

We already demonstrated that 1g is able to block U87MG cells in mitosis [57]. Here, by exploiting 
time-lapse imaging of U87MG cells exposed to 1g, we found that, after rounding and spreading on 
the surface, the cells can get spherical to enter mitosis and remain in this situation for a long period 
of time. Figure 7a shows that, interestingly, compared to an average time of 20 min spent in the 
mitotic phase for untreated cells, cells treated with different 1g concentrations retained the spherical 
shape for a period of time strongly correlated with 1g concentration. During this time, the cells 
continuously try to exit mitosis, as shown in Movie S12. By using Sir-tub as a live fluorescent marker 
for tubulin, we followed the tubulin reorganization during the mitotic process of U87MG cells 
exposed to 20 μM 1g (Movie S13). It appears that the mitotic fuse is immediately disorganized with 
the formation of multipolar spindles. It is relevant to observe that even cells that had already started 
mitosis when exposed to 1g, rapidly disorganized their mitotic fuse, suggesting a mechanism based 
on the alteration of the tension on microtubules affecting the stabilization of the mitotic spindle. 

 

Figure 7. Effect of 1g on duplication time; a) Plot of the duplication time (time cells remain rounded in mitosis) 
as a function of 1g concentration. The red line represents a linear fit to the data. b) Example of cells exiting mitosis 
and producing more than two daughter cells. 
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When cells are in the rounded shape, presumably in mitosis, we observed different exit strategies 
(see also below): 1) cells die during the mitotic phase; 2) cells flatten again on the surface without 
dividing ; 3) by undergoing an aberrant mitosis, the cells initially appear to produce more than two 
daughter cells but, after this initial phase, they once again flatten on the surface as a single cell or 
eventually produce more than two daughter cells with a multipolar division and producing 
aneuploid progeny (Figure 7b). In the last two cases we can find, inside the cell, multi-mininuclei 
defined by lamin staining but without genetic material inside (see Fig. S7). In the latter case, the cell 
is supposed to divide its duplicated chromosomes in multiple directions. When cells initially seem to 
produce more than two daughters and they re-assemble into a single cell we can suppose that the 
cytokinesis process has failed. There are mechanical actions that must be carried out to enable cell 
shape changes during cytokinesis. Physical work has to be done against the cortical tension to deform 
the cell from its spherical shape, which minimizes the total cell area. An increased cell cortical tension 
could act as a limiting factor for the anaphase and the cytokinesis process [61]. Moreover, the 
disorganization of the mitotic spindle could result in the absence of the proper coupling of 
microtubules and actin filaments to proceed to the cytokinesis stage. For example, the right coupling 
between the two cytoskeletal elements is required for the correct positioning of the furrow stiffening 
ring. Immunofluorescence analysis shows that in many cases, cells exposed to 1g and blocked in 
mitosis, are characterized by a multipolar spindle as shown in Figure 8. This behavior resembles the 
typical effect of microtubule stabilizing agents such as paclitaxel during the mitotic process, 
suggesting that the delay in mitosis for 1g is related to the Spindle Assembly Checkpoint (SAC)62. 

 
Figure 8. Multipolar spindle formation. Examples of the presence of more than two asters in the organization of 
microtubules in mitosis in the presence of 20 μM 1g. The actin cytoskeleton has been marked in red and the 
microtubules in green. 

The effect of 1g on the multipolar spindle formation has been already reported for other cell lines 
[37], and it seems to be a common effect shared by different cell types. Similar to what has been 
observed for clinically relevant concentrations of paclitaxel, as already pointed out, 1g, at the 
concentrations considered in this investigation, is not always responsible for cell death during the 
blocked mitotic phase [63,64]. Indeed, in many cases cells are able to exit mitosis [57]. Figure 9 shows 
an example of a time-lapse optical microscopy analysis showing what happens to cells after 
prolonged exposure to 20 μM 1g. From the analysis performed by prolonged time-lapse optical 
microscopy, we obtained that the majority of the cells are able to perform a mitotic slippage, whereas 
a small number of cells die trying to perform the first mitotic process. The experiment we performed 
was limited to 50 h of time-lapse imaging, and only a very small number of cells that had performed 
the mitotic slippage were observed to die during the following interphase stage. During the entire 
time of the time-lapse analysis we never observed a cell undergoing a new attempt of mitosis after 
the mitotic slippage. We have to consider anyway that, given the typical duplication time for control 
U87MG cells of 20 h, the possibility of a second mitotic attempt is quite low. At the same time, it 
appears that 1g strongly affect the time spent in mitosis but is not able to kill a cell directly in mitosis. 
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Cells preferentially exit mitosis and, without a passage of the cells through mitosis, 1g is not able to 
kill cells. 

 
Figure 9. Time-lapse imaging analysis of U87MG cells exposed to 20 μM 1g in mitosis. For 26 cells, by time lapse-
imaging, the time spent in mitosis has been recorded. The large majority (78%) of the cells exposed to 20 μM 1g 
are able to perform mitotic slippage. 

2.2.2. g Inhibits Migration of GBM in 2D Cultures 
In addition to the effect on U87MG cell duplication, we found a specific effect of 1g on U87MG 

cell migration. GBM cells are endowed with a very high infiltration ability exploiting physical 
structures in the brain environment such as blood vessels and axons and the possibility of also 
affecting migration would add another potential use of 1g to fight against cancer. We have previously 
shown that cells incubated with 1g changed their shape towards a round and non-polarized geometry 
already after 1h of incubation time, suggesting a possible role of the compound on cell motility. To 
examine the effects of 1g on collective GBM migration activity in 2D, wound healing assays were 
performed. As shown in Figure 10, the compound was able to inhibit the migration of U87MG cells. 
Indeed, cells incubated with 1g migrated within 24 h across a shorter area than control cells incubated 
with vehicle medium (0.1% DMSO). The recovered wound area was almost 63% in the control cells, 
and 37% in the cells treated with 20 μM 1g. 
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Figure 10. Wound healing assay for control cells and cells exposed to 1g. a) Optical microscopy image of a 2D 
wound healing assay immediately after the formation of the scratch and after 24h since the formation of the 
wound both in the absence and in the presence of 20 M 1g; b) time evolution of the still present wound area; c) 
percentage of wound repair closure after 24h in the absence of 1g and in the presence of 20 μM 1g (p = 0.0049 
(**), unpaired t test). 

The molecular basis for the glioma cells migration has been largely investigated and it has been 
found that, at least in 2D, their migration is not affected by drugs that can block myosin, pointing to 
a migration pattern more similar to fibroblasts and highlighting the specific relevance of microtubules 
in this essential cellular process [22]. In the case of constrained 3D migration, the role of the myosin 
molecular motor is instead fundamental, pointing to the difference between 2D and 3D models. Here 
we have focused on 2D migration to also obtain mechanistic details about 1g mechanism of action. It 
should be emphasized that GBM cell migration process is sensitive to the mechanical properties of 
the substrate on which cells reside [16,65,66]. At the same time, it has been shown that the effect of 
drugs on the same type of cells depends on the mechanical environment of the cells [67,68] and drugs 
affecting molecular motors or cell-substrate adhesion complexes could have different effects on cell 
migration properties depending on the stiffness of the substrate [69]. In order to evaluate the role of 
the mechanical properties of the substrate and the effect of 1g on the 2D cell migration properties of 
isolated/non-interacting U87MG cells, we seeded the cells on PDMS substrates with different Young 
moduli and on plastic. The range of substrate stiffness we considered spans the interval from 0.2 kPa 
to 300 kPa for PDMS supports, whereas, for the plastic substrate, we can assume a Young modulus 
of a few GPa. In each experiment, control (DMSO) cells were compared with cells exposed to different 
1g concentrations. As expected, cells on softer substrates had a smaller adhesion area in comparison 
to cells adhering to more rigid supports (see Fig. S8). We then analyzed the migration of individual 
cells on the different substrates exploiting the Mean Squared Displacement (MSD) parameter as a 
function of time. For the migration analysis we considered cells that did not interact by physical 
contact with other cells and we stopped tracking the cells once they reached the typical globular 
configuration of the mitotic stage. 

Figure 11 reports different aspects of the migration analysis. We compared the MSD of the cells 
as a function of time for different substrate rigidities in Log-Log plots. To visually compare the slope 
of the curves, we also inserted the reference for the ballistic (MSD ∝ tα, α=2) and the random walk 
Brownian migration (MSD∝tα α=1) to visually compare the slope of the curves. The plots are limited 
to the time intervals for which the standard deviation of the data does not become too large (data for 
the longest time intervals are averaged over a smaller set of measurements). In the inset of each plot 
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in Figure 11 we also report the values of the MSD at the end of the experiments, considering the 
different Young moduli of the substrates. Control (DMSO-treated) cells, display mechano-sensitivity 
in their cell migration as their final MSD is higher for substrates of intermediate stiffness, with a 
maximum, at 32 kPa. The limited resolution concerning different values of substrate rigidity does not 
allow to identify with sufficient accuracy the value that assures the maximum explored area, but we 
can anyway state that the explored area has a biphasic behaviour. In Figure S9, the behavior of the 
MSD value for the different 1g concentrations for each substrate stiffness is reported. From the plots 
of the MSD values as a function of time and 1g concentration, the presence of different migration 
behaviors induced by 1g is not immediately evident and it is not clear whether these changes are 
eventually affected by the rigidity of the substrate. On the other hands, considering the plots of the 
derivatives of the MSD as a function of the logarithm of time, providing the corresponding exponent 
(Fig. S10), we can observe that the presence of 1g, starting from concentrations of 10 μM, favors the 
transition to a behavior more similar to a pure random walk process. This is likely a consequence of 
the loss of cell polarity. We can speculate that each time a cell tries to establish a polarization, 
biochemical signals stop this process and the cell tries a new polarization in another direction 
producing a random walk behaviour. This change in the behavior is much more evident on rigid 
substrates such as plastic or PDMS 1:25 with a Young modulus of about 300 kPa. In the case of soft 
substrates, the value of the exponent (Fig. S10) suggests that the migration is more of a purely random 
process and 1g does not change this behavior much. Interesting differences could be pointed out 
considering the autocorrelation direction of the cell migration. In this case we considered the 
autocorrelation of the cosine function in which we measured the angle between two consecutive steps 
of cells. The faster the decay of the autocorrelation function, the fastest is the loss of memory of the 
cell migration direction. In Figure S11, the direction autocorrelation trends as a function of 1g 
concentration, grouped according to the substrate rigidity, have been reported. Interestingly, for 
more rigid substrates such as plastic or PDMS 1:25, the decay of the direction autocorrelation function 
is slow over time and the presence of 1g seems to moderately accelerate the decrease. This aspect 
could be related to the increased adhesion area of cells on rigid substrates and to the increased 
complexity of the cytoskeletal structure on these substrates. As a consequence, changing the 
cytoskeletal structure to modify the migration direction requires a longer period of time, maintaining 
a high value of the direction autocorrelation function for a longer time interval. For softer substrates 
the decrease is fast also in the absence of 1g and 1g is only active in further decreasing the 
autocorrelation function for the softest conditions of the substrate (Fig. S11). Also interestingly, for 
very soft substrates, we observe a negative value of the autocorrelation function. This behavior could 
be interpreted as consecutive movements of cells in opposite directions. It is likely that the 
consecutive attempts of cell polarization occur from positions along the cell periphery separated by 
around 180°. 
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Figure 11. Analysis of the MSD of U87MG cells on substrates of different Young modulus and exposed to 
increasing concentrations of 1g. The MSD vs. time is reported in a Log-Log plot with two lines representing the 
ballistic and the pure Brownian motion cases. In the inset of each plot, the MSD value at the end of the 
corresponding plot is reported as a function of the substrate stiffness. The presence of a maximum value of the 
MSD for an intermediate value of the substrate stiffness for the control case is evident. By increasing the 1g 
concentration the sensitivity of the MSD value to the substrate stiffness strongly decreases. 

We next wanted to compare the effect of 1g on the migration behaviour of cells for which 1g has 
little effect on the morphology. We thus considered how the migration of NIH3T3 cells are affected 
by increasing concentrations of 1g. Figure S12 shows that while at concentrations up to 10 μM, 1g has 
negligible effects on NIH3T3 cells, compared to control cells, at 20 μM we observed a substantial 
decrease in cell migration (measured in terms of MSD and the corresponding diffusion coefficient). 

Interestingly, we typically found the development of actin stress fibers, after 24 h of incubation 
of U87MG cells with 1g as shown, in Figure S13, where a typical immunofluorescence image of 
U87MG cells is compared with cells exposed to nocodazole, which is known to produce stress fibers 
as a consequence of microtubule destabilization. In a previous investigation [37], we found that 1g 
seems to have an effect on microtubules in cells. 1g effects on in-vitro microtubule organization 
established that 1g did not affect microtubule cold depolymerization, excluding a possible stabilizing 
effect for 1g, but, at the same time, 1g slowed down the regrowth kinetics of depolymerized 
microtubules [37]. In-vivo experiments showed that 1g affects the growth rate of microtubules, 
decreasing it, but not the growth life-time [37]. Interestingly, the effect of 1g does not seem to act 
directly on microtubules, but most likely on some MAP at variance with what happens with other 
molecules such as taxans or vinblastine which are known to have a binding site on microtubules. 
Accordingly, we expect that this effect will also have consequences on actin organization. To further 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2025 doi:10.20944/preprints202501.1700.v1

https://doi.org/10.20944/preprints202501.1700.v1


 17 of 39 

 

explore the action times of the compound in inducing the formation of stress fibers, the cells were 
treated for very short timescales, minutes or a few hours with 20 μM 1g and actin was selectively 
stained for immunofluorescence. The first visible changes at the actin level appeared between 30 and 
40 minutes and already after the first hour the actin filaments were altered compared to the control 
and there was already a greater presence of stress fibers. With longer incubation times the differences 
become more marked while maintaining the same characteristics. These modifications should affect 
the cell migration process. Apart from depolymerization, also post-translational modification (PTM) 
of microtubules is known to affect the actin structure, for example by inducing the release of the 
guanine nucleotide exchange factor GEF-H1 and, as a consequence, the activation of RhoA and the 
formation of an enhanced stress fibers complex [70]. The effect of 1g on the actin structure was also 
tested on G166 cells. In this case, immediately after the injection of 1g, we observed by 
immunofluorescence a strong reinforcement of the cortical actin layer (Fig.S14). In these type of 
glioblastoma cells, there is a stronger cell-cell interaction and cells do not retract upon interaction 
with 1g. In this way, it is possible to highlight the effect of 1g on the cell cortical layer. In fact, in the 
case of U87MG cells, the rapid retraction of the cell processes and the rounding of cells make it 
difficult to distinguish between an F-actin reinforcement and an increase in immunofluorescence 
signal due to volume reduction of cells. 

2.2.3. g Increases Cell Stiffness of GBM Cells as Measured by Atomic Force Microscopy 
In addition to the mechanical properties of multicellular aggregates, we also investigated the 

mechanical properties of single cells exposed to 1g. It has been reported that the mechanical 
phenotype of cancer cells may be different from that of healthy cells. For example, more deformable 
cells could be endowed with an advantage in the confined migration through narrow pores of the 
extracellular matrix [71,72]. As a consequence, the metastatic potential of tumor cells has been found 
to correlate with their mechanical properties, typically with softer cells exhibiting with a higher 
metastatic potential [73,74]. It appeared therefore interesting to evaluate the effect of a potential drug 
on cell mechanical properties at the single cell level [75] and, specifically, on the possibility of 
inducing cell stiffness to decrease its metastatic ability. We used atomic force microscopy (AFM) to 
compare the stiffness of U87MG cells treated for 24 hours with 20 μM 1g with untreated cells. Based 
on previous time-lapse imaging experiments, after 24 hours, cells that can be analyzed for their 
mechanical properties, are typically cells that tried to enter mitosis but failed and turned back to 
interphase in a flattened morphology. Figure 12 shows the results of the single cell mechanical 
properties investigation. We initially measured the Young modulus by performing force curves with 
a fixed vertical speed of the cantilever base and analyzed the curves with a modified Hertz model 
(see the Methods section) to obtain the mechanical parameters of interest. Figure 12d shows the 
distribution of the Young moduli that we obtained on an untreated U87MG cells or on U87MG cell 
population maintained in 20 μM 1g solution for 24 hours. Both distributions follow a Log-normal 
behaviour and cells treated with 20 μM 1g for 24 h appear more rigid than control cells. All the curves 
were obtained using a spherical colloidal probe with a diameter of 5 μm and positioning the tip in a 
region of the cell near to the nucleus. However, the use of the Young modulus as a marker for cell 
metastatic potential has been questioned. In some cases, it has been found that cells with a higher 
metastatic character are stiffer than healthy cells of the same type [76]. The appearance of a metastatic 
character of cells is closely related to the structure of the cytoskeleton and a close relationship between 
cancer and cell mechanics is to be expected. Not only the elastic behavior is relevant for cell functions, 
but also the viscous (or time dependent) aspects can be relevant and these properties can be evaluated 
by a dynamic analysis as a function of the frequency of the stimulus [77–79]. To account for these 
possible contributions, we performed dynamic mechanical analysis by AFM on untreated and treated 
with 1g of U87MG cells. We explored a range of frequencies from 30 Hz to 400 Hz, and obtained, as 
shown in Figure 12e, a slowly and linearly (in a Log-Log plot) increasing value of the elastic and 
viscous components of the complex shear modulus for control cells. This trend points to a power law 
dependence, a typical behavior already observed on other living cells [78]. In Figure 13f, the 
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comparison of the complex shear modulus as a function of frequency between control cells, cells 
treated for 24 h with 20 μM 1g and cells treated with 20 μM nocodazole for 24 h is reported. A 
comparison with drug Nocodazole was considered here because of its well-known effect on 
microtubules depolymerization and the consequent enhancement of stress fibers structures [80,81] 
and because the organization of stress fibers of 1g treated U87MG cells after 24 hours resembles that 
of the same cells exposed to nocodazole (see Fig. S13). It has been suggested that, upon an increase 
of the probing frequency, the viscous contribution may become stronger than the elastic one, defining 
a sort of phase transition. The relative contribution of the two components is expressed by the loss 
tangent parameter, defined as the ratio of the viscous to the elastic parameter (η=G’‘/G’). The 
crossover defines the phase transition and the value of this parameter has been found in the range 
100 Hz - 1000 Hz [78,82]. In our case we did not observe any crossover in the range of frequencies we 
explored, both for control cells and for cells treated with 1g or nocodazole. We found that both 
components, the elastic and the viscous ones, were increased by 1g treatment both at low and high 
frequencies. We also observed an increase of the slope of the curve representing the shear moduli, G’ 
and G’’ (and of the absolute shear modulus – Figure 12f), as a function of the probing frequency for 
treated cells. This behavior points to cells that are more similar to a fluid system with respect to the 
control cells. In the literature, the use of drugs that stabilize the actin cytoskeleton, such as caniculin, 
typically reduces the slope of the curve representing the shear modulus as a function of the probing 
frequency. In our case we used a spherical tip and the indentation produced in the cell (around 50 
nm) is such that it probes mainly the region close to the cortical actin and the possible detachment of 
the cell plasma membrane from the cortical layer could be responsible for this behavior. Anyway, to 
further confirm the results obtained by dynamic mechanical analysis with AFM, we performed an 
analysis of force curves on U87MG cells, untreated and treated with 1g, according to the Ting model 
[83]. 

 

Figure 12. Single-cell mechanical properties measured by AFM: a) AFM image of control U87MG cells; b) AFM 
image of a U87MG cell exposed to 1g 20 μM for 24 hours; c) AFM image of a U87MG cell exposed to nocodazole 
20 μM for 24 hours; d) Distributions of the values obtained for the Young modulus of U87MG cells before (red 
squares) and after 24 hours in 20 μM 1g. The points in the plot are derived from the distribution histogram of 
the value. The Young Modulus was obtained by fitting the force curves with a modified Hertz model; e) Elastic 
(G’, red squares) and viscous (G’’, black squares) components of the shear modulus G* as a function of the 
frequency of the sinusoidal signal applied to the cantilever base by the piezoactuator in control U87MG cells; f) 
Comparison of the modulus of the complex shear modulus G*, as a function of frequency, of U87MG cells for 
untreated, exposed to 20 μM 1g for 24 h and exposed to 20 μM nocodazole for 24 h. Data represent the average 
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value and the standard deviation of N = 7 cells for each condition. The slope of the linear fit to the control cell 
data is =0.33. 

 

Figure 13. a) Expression of ERM and pERM proteins in U87MG cells exposed to 20 μM 1g. The analysis shows 
the strong increase of the pERM/ERM ratio; b) immunofluorescence of a typical U87MG cells 30 min after 
injection of 20 μM 1g: pERM (red), microtubules (green), DNA (blue) (bar = 20 μm). 

Using this type of analysis, from a single force curve, considering both the approaching and 
retracting portions, it is possible to obtain both the elastic and viscous components of the cell 
mechanical properties (see the Methods section and SI). Even from this type of analysis it results that 
1g favors an increase of both the elastic and the viscous moduli (see Fig. S15). 

2.3. Modulation of the Principal Pathways Involved in Cell Adhesion and Migration 
The first response of U87MG cells to the presence of 1g is their loss of the polarization, suggesting 

that disassembly of Focal Adhesion (FA) complexes and cortical actin could be involved. 
Accordingly, we investigated the behavior of actin and ERM molecules, which are responsible for the 
membrane cortical cytoskeleton interactions, both for actin and microtubules and have a strong 
influence on the cortical structure. From both immunoblotting and immunostaining, we find a strong 
increase of the pERM/ERM ratio upon addition of 1g into the culturing medium (Figure 13a). The 
phosphorylated form of the ERM proteins corresponds to the stabilized state of the contact between 
the membrane and the cortical cytoskeleton, which is the case for both integrins and CD44. It is 
interesting to note that this phenomenon occurs immediately after the injection, highlighting a 
reaction of cells to a perturbing event. It is possible that, at longer incubation periods, the increase of 
the pERM/ERM ratio is due to the arrest of cells in mitosis, when pERMs are intrinsically increased. 
Figure 13b shows that pERM colocalizes with actin filaments with the formation of actin rings. It is 
important to note that iper-phosphorylation of ERM proteins within minutes after 1g injection has 
been observed for cell phenotypes other than glioma cells (for example for NIH3T3). However, only 
in the case of U87MG we observed a strong effect on cell morphology and neurite retraction. This 
finding is consistent with the results obtained by Areti A et al. [84], where a partnership between 
ERM and Rac-1 played an important role in neurite outgrowth. 

The retraction of the processes within minutes of the addition of 1g could also be explained by 
an increased phosphorylation of the myosin II light chain (MLC) and, as a consequence, an increase 
in the traction force exerted by the cell [85]. To analyze this possibility, we considered the effect of 1g 
in the presence of blebbistatin, which is known to block the activity of the myosin II head by inhibiting 
myosin ATPase activity and, consequently, the traction force due to the actin-myosin complex. The 
presence of 20 μM of 1g and 20 μM of blebbistatin induced a retraction of the processes with a 
reduced kinetics, showing that the increased traction force could not be the main responsible for 
processes retraction (see Movie S14). At the same time, as already reported in the literature [86], 
blebbistatin alone does not affect the U87MG migration while producing an increase of the number 
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of processes. In the presence of both 1g and blebbistatin we again observed an arrest of the cell in the 
mitotic phase. It is to be considered that blebbistatin has also been reported to affect the formation of 
the mitotic spindle [87] and, accordingly, we cannot draw conclusions about what happens to the 
spindle structure since the two drugs may have the same effect. We also tested the Rho-kinase 
inhibitor Y-27632 together with 1g. Once again, Y-27632 alone is not able to produce a notable effect 
on U87MG cell migration. In the case of Y-27632 together with 1g, we observed a relatively smaller 
retraction of protrusion extension with respect to 1g alone (see Movie S15) and cells, after having 
attempted mitosis for a long period of time, in almost all cases exited this phase and returned to 
interphase with the complete absence of polarization. It is to be considered, however, that myosin II 
is relevant in the cytokinesis process and a complete mitotic process could be impeded by this effect. 
Additionally, it has also been reported that molecules interacting with microtubules, as we 
hypothesized for 1g, can affect Rho and Rac1 GTPase signaling and consequently cell contractility 
and migration88. Moreover, Areti et al. [84] showed a mutual cooperation of Rac-1 GTPase and ERM 
protein in neurite outgrowth. However, in our experiments we observed a decrease of Rac-1 
expression after 12 h of 1g treatment (Figure 15). This is in contrast to what happens with high 
concentrations of nocodazole, which is known to depolymerize microtubules releasing guanine-
nucleotide-exchange-factor (GEF-H1), which is an upstream activator of Rac-1, and increasing cell 
contractility with the development of stress fibers. Once again, these data suggest that 1g acts 
differently than nocodazole. The still present retraction of processes, albeit with a reduced dynamics, 
in the co-presence of 1g with blebbistatin or Y-27632, suggests that the activation of myosin II is not 
responsible for this change in the shape of U87MG cells. 

The loss of cell polarity and a strong decrease of the explored area by cells stimulated the 
investigation by immunoblotting of other pathways involved both in cell migration and cytoskeletal 
reorganization. We then evaluated the ability of 1g 20 μM to modulate the expression of structural 
proteins α-Actinin, Paxilin, Vinculin, and focal adhesion kinase (FAK), which, among others, are 
responsible for cell migration and polarization. As reported in Figure 14, 1g did not modulate the 
expression of both the structural protein α-Actinin and Paxilin at any of time points tested. On the 
other hand, Vinculin, which is involved in focal adhesions, showed a significant decrease in protein 
immuno-density already at 5 hours which remains downregulated up to 12 hours of 1g treatment 
compared to the control. The data obtained with FAK protein expression, showed that the band 
intensity did not change all over the period of treatment. Interestingly, the results on the protein 
expression of LIMK and cofilin/p-cofilin, showed the ability of 1g to increase the level of the LIMK 
protein after 5 h of incubation time, but the band intensity returned to the level of the control after 12 
h of 1g treatment, whereas the phosphorylated form of cofilin, increased its expression already after 
5 h of incubation and lasted for the entire time tested (Figure 14). This last result is interesting in 
terms of tumor growth and progression, since cofilin, whose phosphorylated form is the inactive one, 
has been proposed as a possible booster of glioma progression [89]. The results obtained for the LIMK 
and p-cofilin proteins suggest a stabilization of the actin structure. Taken together, these findings 
suggest that 1g, through its action on microtubules, is able to affect actin organization following a 
different pathway compared other molecules, such as nocodazole, which act directly on 
microtubules. In particular, 1g produces a fast change of the cell cortical organization. 
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Figure 14. Effect of 1g on protein involved in cell adhesion and motility. (A) Representative western blots of a-
actinin, paxilin, vinculin, FAK, Rac-1, cofilin, P-cofilin, and LIMK at different time points; (B), densitometric 
evaluation of protein levels in U87MG cell lysate after incubation with 20 μM of 1g for 5 or 12 h. Densitometry 
values were normalized to the protein loading control, beta-actin. The values are expressed as the mean ± SD of 
three independent experiments (n = 3 per group). *** p < 0.001, * p < 0.05 vs. untreated cells (Ctrl), using One-
way ANOVA with Dunnett’s as post test. 

3. Discussion 

Glioblastoma multiforme (GBM) is the most common primary tumor of the central nervous 
system. Its very poor prognosis is mainly related to its extremely high invasive potential, which 
allows its cells to migrate along vessels and through the white matter in the brain, probably exploiting 
specific mechanisms for different environments. Therefore it is urgent to develop new compounds 
for GBM treatment that can be used alone or in combination with existing drugs to enhance efficacy 
and minimize side effects. Extensive research has focused on the cytoskeletal features of tumor cells 
to evaluate the dynamics of cell motility and invasion. Considering this, we conducted a detailed 
study on how a new benzodiazepine derivative (1g) affects cellular mechanics, proliferation, invasion 
and migration of the glioblastoma cell line U87MG. 

We conducted invasion experiments by embedding spheroids in a Matrigel environment. 
Spheroid expansion experiments did not allow us to fully distinguish between the contributions of 
cell invasion and cell duplication. This distinction is particularly important for U87MG cells exposed 
to 1g, as biochemical and optical microscopy analyses of 2D cell populations indicate that 1g induces 
an arrest of U87MG cells in the G2/M phase, functioning similarly to a cytostatic drug. However, in 
our case, we can assume that the most significant factor influencing the observed expansion of 
U87MG spheroids is cell diffusion, which relates to random migration along with a form of directed 
motility away from the core region. This directed motility is likely attributable to a gradient in 
nutrients [90], although the exact process is not completely understood. This assumption is supported 
by taking into account that only a limited time (65 hours) is considered, suggesting that proliferation 
is not the primary factor governing the expansion behavior. 

To better distinguish between the processes of proliferation and invasion, it would be useful to 
extract quantitative information from the process as illustrated in Figure 1. The growth of spheroids 
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has been described using various mathematical models, with the Gompertz [90,91] model being the 
most widely employed. This model consists of several phases, including a latent period, an optimal 
growth phase, and a plateau phase. The mathematical representation of spheroid growth is 
characterized by a sigmoidal behavior in the radius as a function of time. The initial latent period 
corresponds to the formation of a compact cell aggregate, followed by an exponential growth phase. 
This is followed by a linear growth phase, during which the rim of proliferating cells remains 
constant, and, finally, a saturation phase is reached where growth is balanced by necrosis. Although 
the growth trends we observed align with this model, it is essential to consider the invasive nature 
of glioma spheroids when they are embedded in a 3D gel. For smaller spheroids, such as those 
examined in this study, it is crucial to distinguish the two different regions: the core and the rim. 
These regions exhibit different behaviors regarding proliferation and dispersion. The core region of 
spheroids is typically characterized by rapidly proliferating cells with low diffusion properties. In 
contrast, the rim consists of cells that exhibit higher diffusion behavior but lower replicative 
properties, in accordance with the go-or-grow hypothesis. Mathematical models have been 
developed to simultaneously describe cell duplication and invasion in spheroids. These models 
commonly utilize various parameters to characterize the invasion and growth of spheroids, including 
a diffusion constant (D), a maximum cell density to account for growth inhibition at very high 
densities, a coefficient representing the number of cells moving away from the core’s boundary per 
unit time, a factor for cell duplication time, and a directed velocity —likely due to gradients of 
nutrients or signals from metabolic byproducts of the spheroid cells. Using these models could help 
evaluate whether exposure to 1g, for example, favors an expansion, where diffusion dominates over 
directed motion. However, fitting these models to experimental data requires a clear distinction 
between the core and rim of the spheroids. In our case, we could not clearly identify this separation, 
particularly in control spheroids, where the transition between the two regions is largely faded. We 
can conclude that, in the case of GBM spheroids exposed to 1g, the central core region remains stable 
over time. In contrast, cells in the rim diffuse much less than those in the control experiment. This 
may indicate that the drug is unable to penetrate completely into the core of the spheroid; therefore, 
cells in the inner region continue to duplicate, while cells in the rim neither duplicate nor diffuse 
significantly. Moreover, the type of migration is different in the control case compared to the case 
with 1g, being mainly a collective and mesenchymal migration in the former case and an amoeboid 
and individual migration in the latter case. 

Traction force microscopy experiments on U87MG spheroids revealed that exposure to 1g 
resulted in decreased contractility, which may contribute to a reduced invasion ability of cells within 
the 3D Matrigel matrix. Strong contractility is vital as it helps align fibers around the spheroid, 
allowing cells to exploit these fibers for directed migration into areas distant from the spheroid. 
Although 1g exposure decreased the surface tension of cell aggregates (see Figure 3), the individual 
behavior of cells in a 3D environment under 1g significantly diminished their contractility. This 
reduction hampered their interaction with extracellular fibers and their overall invasion potential. In 
contrast, the collective behavior of untreated U87MG cells led to strong contraction of the 
extracellular matrix, which is positively correlated with their invasion ability [44]. Additionally, we 
assessed the mechanical properties of single cells using atomic force microscopy (AFM), observing 
an increase in cell rigidity under 1g conditions. In 2D culture analyses, 1g exposure considerably 
affected cell morphology, leading to a rapid loss of polarity (see Figure 5). In this case, it is important 
to consider that an increased contraction (or prestress) in cells in 2D typically leads to an increased 
rigidity of the cells as probed by AFM. 

We also noted a clear correlation between 1g concentration and the increased duration of cell 
mitosis (see Figure 7). Interestingly, the loss of polarity appeared to be cell-type dependent; for 
instance, the morphology of NIH3T3 cells at the same 1g concentrations was unaffected. This loss of 
polarity correlated with a significant reduction in the migration area explored by U87MG cells in 2D 
cultures. We further investigated cell migration on substrates with varying rigidities. The mean 
square displacement (MSD) parameter indicated a biphasic behavior for U87MG cells in response to 
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substrate rigidity, consistent with observations in other cell lines [69,92–94]. This behavior likely 
reflects a balance between cell adhesion to the substrate and the dynamics of actin polymerization 
and traction force generation [95,96]. On softer substrates, cells exhibited lower adhesion areas, 
producing a weaker attachment of focal adhesion complexes at the leading edge and inefficient 
forward movement. Conversely, on very stiff substrates, strong adhesion complexes development 
complicated the release of the cell’s rear portion during migration. Therefore, an intermediate 
substrate stiffness might provide an optimal balance, enhancing cell migration. A quantitative model 
based on the motor-clutch mechanism [69], originally designed to explain traction force exerted by 
cells, can also be applied to the migration process. This model involves various modules oriented 
differently, each one connected to the central nuclear region, and analyzed according to the molecular 
clutch theory. These modules generate traction forces that facilitate effective cell migration [97]. 
Within each module, myosin contractility is partially transmitted to the adhesion complexes, which 
link cytoskeletal elements to the substrate, establishing a retrograde flow of actin. The binding and 
unbinding rate constants, alongside the rate of force application on the substrate, are fine-tuned to 
achieve an optimal intermediate substrate rigidity, ensuring that the rate of force application neither 
hinders the formation of sufficient integrin/substrate attachment points before disengagement nor 
allows premature detachment of adhesion complexes before adequate force is exerted on the 
substrate. 

Whereas the motor-clutch mechanism primarily focuses on the roles of cytoskeletal actin 
polymers, adhesion complexes and motor proteins, microtubules generally do not play a direct role. 
However, it has been shown that drugs affecting microtubule dynamics can also indirectly influence 
actin stress fibers, traction force, and cell migration [70,80,98,99]. Specifically, drugs that disrupt 
microtubule attachment to integrin adhesion sites can activate Rho GTPase pathways, thereby 
strengthening actin stress fibers [100]. Furthermore, it has been demonstrated that drugs interacting 
with microtubules can alter the substrate rigidity value corresponding to the maximum explored area 
in cell migration, but, in our case we didn’t see any appreciable variation of this value, probably 
because of a reduced resolution of the values of substrate stiffness that we considered. In some cases, 
research has shown that drugs interacting with microtubules and slowing their dynamics can reduce 
the sensitivity of cell migration to the stiffness of the substrate [101]. Our data suggest a similar trend: 
higher concentrations of 1g result in minimal differences in the area explored across various substrate 
rigidities. According to the molecular clutch model used for simulating cell migration, several critical 
parameters can influence cell migration behavior and its dependence on substrate rigidity. These 
include the number of molecular motors, the number of molecular clutches (particularly the ratio 
between the two), the actin polymerization rate (which guides pseudopodia formation and the 
capping of actin filaments), and the rate of pseudopodia formation. Previous studies have 
demonstrated that when drugs are used at concentrations that slow microtubule dynamics, there is 
a decrease in the actin polymerization rate and an increase in the pseudopodia nucleation rate. Both 
of these changes can lead to a reduction in the area explored by cells and a decreased sensitivity to 
the substrate’s Young’s modulus [102]. In our observations, particularly from the time-lapse videos 
of U87MG cells exposed to 1g (see Movie S16), we believe that the increased nucleation rate of 
pseudopodia is the most likely explanation for our findings. Each time the cell attempts to extend a 
pseudopodium, it fails to stabilize this extension, causing the cell to retract and initiate a new 
extension in a different direction. 

Previous investigations into the effects of 1g have shown that it can influence microtubule 
dynamics, likely through the action of certain Microtubule-Associated Proteins (MAPs) [37]. This 
mechanism suggests that 1g may have specific effects on different cell types, depending on the 
presence of various MAPs. In HeLa cells, the impact of 1g on the cytoskeletal structure during 
interphase was minimal, with its primary effects observed during the mitotic phase. Conversely, in 
U87MG cells, the loss of cell polarity induced by 1g indicates that it may also affect microtubule 
dynamics during interphase, which contrasts with the behavior observed in HeLa cells. We can 
hypothesize that 1g, by acting on microtubule dynamics, inhibits the stabilization of process after 
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they are initiated. As a result, migrating cells may undergo rapid changes in their direction of motion, 
appearing similar to Brownian particles, even over short time intervals. It is also noteworthy to 
compare the observations made with 1g to the effects of taxanes on endothelial cells. In that context, 
a decrease in cell migration was noted, affecting both speed and directionality, at concentrations 
lower than those required to impair cell duplication [100]. The effect of taxanes was associated with 
an alteration in microtubule dynamics (frequency of transition from the growth to the shortening 
phase), resulting, at higher concentrations, in a strong decrease in shortening rate and length, and a 
decrease in the number of cell adhesion complexes, accompanied by an enlargement of the remaining 
ones. Moreover, paxillin was observed to form enlarged circular structures similar to those showed 
in Figure 13b. 

Taxol has been shown to reduce the presence of EB1-decorated plus ends of microtubules, which 
limits the delivery of the molecular components necessary for the protrusive activity of podosomes 
and their stabilization. This, in turn, affects cell polarization 102. The stabilization of focal adhesion 
complexes is typically associated with the activity of the actin cytoskeleton, as actin filaments strongly 
interact with integrins, which are central to adhesion complexes. This stabilization is correlated with 
the formation of contractile bundles of actin and myosin motors, known as stress fibers. However, 
microtubules also target focal adhesion sites and interact with the cell cortex [103]. Microtubules dock 
at the plasma membrane through cortical microtubule stabilizing complexes (CMSCs) [101]. This 
association not only stabilizes microtubules against depolymerization but also promotes cell 
polarization. Consequently, there is a strong correlation between microtubule dynamics and the actin 
cytoskeleton, which can influence the formation or disassembly of adhesion complexes and cell 
protrusions. It is essential to consider that microtubules serve as pathways for the transport of 
molecules within the cell. Inhibitory signals are transported via microtubules, and if their dynamics 
are reduced, these signals may persist longer than necessary in the region where cell polarization 
begins, preventing its stabilization. This process could be the reason for the increase in the rate of 
nucleation of processes but without their stabilization, as we reported on the basis of time-lapse 
imaging. 

Drugs that target microtubule dynamics can have different effects depending on their 
concentration. At high concentrations, they may cause depolymerization or stabilization of the 
microtubules; however, at low concentrations, these drugs typically converge in reduced activity. In 
this context, it has been found that both paclitaxel and vinblastine, which are among the most 
widespread and already approved drugs for the treatment of cancer, are able to stabilize the 
dynamics of microtubules, even if they act differently by promoting, at higher concentrations, 
stabilization or depolymerization, respectively [104]. 

While many microtubule-targeting drugs are considered for their antimitotic effects, it has been 
reported that inducing complete antimitotic effects, which pushes cells toward apoptosis by 
attempting to override the spindle mitotic checkpoint, is not always necessary for these drugs to be 
effective. For example, paclitaxel has been shown to promote the formation of multipolar spindles at 
clinically relevant concentrations, leading to a majority of cells experiencing an abnormal exit from 
mitosis, a process known as mitotic slippage. This process results in gradual cell death during 
interphase [60]. One reason for this behavior may be that cells have access to more apoptotic 
pathways during the interphase compared to the mitotic phase, prompting them to undergo mitotic 
slippage to better engage these pathways. It has been hypothesized that paclitaxel targets the 
mechanisms responsible for correcting the frequent occurrence of multipolar spindles in cancer cells, 
particularly in cases of centrosome amplification [105]. Even in the case of 1g, we found that cells 
blocked in mitosis preferentially undergo a slippage to interphase, and they are typically killed after 
one attempt to perform mitosis. In general, given the increase of microtubule dynamics during 
mitosis, by altering microtubule dynamics, drugs can induce cells to form multipolar spindles even 
in the absence of centrosome amplification, consequently leading to a division with multipolar 
spindles [37]. However, microtubule-targeting drugs are also able to affect cell behavior during the 
interphase stage62,106. This impairment may occur because microtubules function as highways for 
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transporting various signaling molecules, such as proteins, vesicles, and mitochondria. They play a 
crucial role in both inhibiting and promoting specific signaling pathways and interact with surface 
proteins on the cell. Several proteins play significant roles in the complex mechanism of cell 
migration, particularly within focal adhesion complexes. These complexes are structures formed at 
the ends of stress fibers, anchoring cells to the substrate and ensuring both stability and directionality 
during the cell migration process. There are two competing effects related to the strength of focal 
adhesions in cellular motion: on one hand, the formation of larger structures is associated with 
stronger adhesion to the substrate, leading to reduced invasiveness. On the other hand, weak 
complexes are unable to generate the traction force necessary for cell migration [107]. In our study, 
we examined the expression of certain proteins present in focal adhesions through immunoblotting. 
Our results indicated that the expression of the structural protein α-actinin did not exhibit significant 
changes in the presence of 1g, with only a minimal decrease observed after 24 hours of treatment. In 
contrast, the concentration of vinculin, a protein involved in mechanical force transduction, showed 
a significant reduction shortly after the initiation of 1g treatment. This finding agrees with earlier 
data indicating a loss of polarization within a short timeframe. Conversely, paxillin did not show any 
changes in protein expression over the 24-hour period compared to the control. Additionally, analysis 
of focal adhesion kinase (FAK) protein expression revealed no differences at the tested time points. 
This suggests the possibility of an alternative pathway involved in pro-adhesion activity illustrated 
in Figure 6 and mediated by 1g . Notably, FAK does not interact directly with integrins but rather 
through adaptor molecules such as paxillin or α-actinin [108]. Previous research established that 1g 
can arrest the cell cycle in the G2 phase, significantly increasing p21 protein expression [57]. p21 is 
known to activate LIM kinase (LIMK), a family of actin-binding proteins that stabilize actin filaments 
by activating cofilin. Our findings showed that while Rac-1 expression is inhibited by 1g, LIMK levels 
were increased, which in turn deactivates cofilin through phosphorylation, an increase also observed 
after exposure to 1g. Thus, we can speculate that LIMK/cofilin activation may be triggered by p21. 
Moreover, since cofilin interacts directly with integrins through the c-Src complex [109], and is crucial 
for cell adhesion, the rise in the phosphorylated form of cofilin could partially account for the increase 
in cell adhesion and the decrease in cell motility induced by 1g. The evidence that 1g enhances cell 
adhesion while decreasing motility is critical regarding cancer cell spreading. Indeed, in various 
epithelial cancer cell lines, it has been demonstrated that poorly adherent cell populations tend to 
exhibit higher metastatic potential [110], suggesting that the adhesiveness of a particular tumor may 
serve as a physical marker for metastatic activity. 

Interestingly, treatment with 1g increased the p-ERM/ERM ratio at both short and long 
incubation times. This behavior may indicate a feedback mechanism where the cortical actin 
cytoskeleton attempts to leverage hyper-phosphorylation of ERM proteins to enhance contact with 
the membrane, resulting in increased cortical tension. Simultaneously, ERM proteins crosslink 
microtubules to the plasma membrane. Research has shown that destabilization of microtubules can 
trigger almost instantaneous activation of ERM proteins, facilitating the attachment of cortical actin 
to the membrane [111]. This mechanism is responsible for the rounding of cells as they enter the 
mitotic phase and may explain the rounding of U87MG cells observed immediately after exposure to 
1g. In their study, Leguay et al. attributed the strong activation of ERM proteins to pathways 
associated with RhoA and the release of Ser/Thr kinases from the Ste20-like kinase family (SLK) [111]. 
The increase in the pERM/ERM ratio leads to an accumulation of p-ERM proteins near the plasma 
membrane and around the chromosomes during the mitotic phase. These findings agree with the 
results reported by Leguay et al. [111], where an increase in p-ERM, caused by GEF-H1 release due 
to alterations in microtubule dynamics induced by nocodazole, resulted in a rounded cell shape, 
similar to what occurs during mitotic entry [112]. However, we established that the pathway 
promoted by compound 1g should differ from the effects of nocodazole. At the same time, it has been 
noted that taxol, a drug that stabilizes microtubules, does not induce an increase in p-ERM. The 
activation of ERM proteins is not solely dependent on their phosphorylation; rather, their active form 
is first achieved through interaction with phosphatidylinositol 4,5-bisphosphate (PIP2), while 
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phosphorylation later serves to stabilize this active form [113]. Once activated, ERM proteins connect 
actin to the plasma membrane by interacting with membrane receptors such as CD44. CD44 receptors 
are known to bind hyaluronan in the extracellular matrix and play a key role in cell migration and 
adhesion. Moreover, CD44 is typically overexpressed in cancer cells, which underscores the relevance 
of ERM proteins in cell adhesion to substrates. The activation of ERM proteins by microtubule-
destabilizing drugs has been reported to induce cell rounding during interphase, akin to the changes 
that occur when cells enter mitosis [114]. We can hypothesize a similar mechanism in the case of 1g, 
involving various proteins such as Rac-1, LIMK, cofilin, and ERM. In fact, Rac-1 has been shown to 
be crucial for microtubule polarity and, consequently, for proper cell motility and the functioning of 
kinetochores on mitotic chromosomes [115]. Additionally, Rac-1 is involved in cell cycle progression, 
promoting the transition from G2 into the mitotic stages [116]. We propose that the pathway of 1g 
action is closely related to the cortical layer of cells, where ERM proteins function, focusing on the 
connection between the cell membrane and cortical actin. This mechanism is mediated by 
microtubule dynamics and their association with cell adhesion complexes. For instance, it has been 
found that the activated and phosphorylated form of ERM proteins can interact with microtubules, 
stabilizing their connection with the cell membrane. This interaction may lead to the destabilization 
of focal adhesion complexes and hinder the cells’ ability to polarize [112]. A comparable situation 
was observed in migrating keratinocytes, where microtubule stabilization facilitated the disassembly 
of focal adhesion sites [117]. Moreover, the instability of microtubule connections with the cortical 
region of the cells is critical during the mitotic phase. Astral microtubules must maintain stable 
interactions with the cortical region to ensure correct spindle positioning and the separation of 
centrosomes, or, in cases of centrosome amplification, to cluster them effectively to form two 
opposing poles [118]. This mechanism may explain why 1g can influence the mitotic spindle in 
various cell types. The resulting effect of ERM activation is an increase in tension within the cortical 
layer. This observation is consistent with our findings from Micropipette Aspiration experiments. We 
noted that individual cells within the aggregates became more rounded and independent from one 
another after exposure to 1g. This effect may explain the decreased surface tension observed in the 
treated spheroids. The interesting aspect of our analysis is that the effect of the compound 1g varies 
depending on the cell line being investigated, particularly concerning cell morphology and 
migration. In the case of NIH3T3 cells, we observed no significant changes in morphology induced 
by 1g, even at concentrations that led to a loss of polarity in U87MG cells. Additionally, the migration 
of fibroblasts was minimally affected by 1g. We speculate that this selectivity may be related to the 
role of microtubules in different cell lines. 

4. Materials and Methods 

Cell Line and Treatment 
The U87MG and NIH3T3 cell lines (ATCC), were cultured on polystyrene culture dishes 

(Euroclone, Italy) and grown in EMEM, containing 1% Non-essential aminoacids (NEA), 1% Na 
pyruvate, 1% glutamine, 1% pencillin/streptomycin and supplemented with 10 % FBS (all purchased 
from Sigma-Aldrich, Milano, Italy). The cells were kept in a humidified incubator at 37 °C with 5% 
CO2 until the time of experiments. 1g compound was prepared in DMSO at 100 mM (stock solution) 
and diluted in medium at the working concentrations. The G166 isolated from malignant glioma that 
show stem cell properties were a kind gift of Prof. Paolo Salomoni UCL Cancer Institute. The cells 
were grown in NS cell media (Stemcell Techologies, Canada) add with human EGF and human FGF-
2, 10ng/ml of each, (Peprotech, USA) on laminin-coated flask (Merck, Italy), and kept in a humidified 
incubator at 37 °C with 5% CO2. 

2. D Cell Migration 
Wound-healing assay was used to assess the effect of 1g on cell migration of glioma cells. 

U87MG cell lines were seeded in multi-six well plates and cultured until reaching confluence. A 
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10-μL pipette tip was used to make a straight vertical scratch. The cells were then treated with 1g (20 
μM) or medium as a control. Images of the wounds were captured under an inverted light microscope 
Olympus IX 70 (10X magnification) by time-lapse microscopy for 24 h and measured using Image J 
software. Time-lapse imaging studies were performed using a phase contrast microscope with a 
home-developed on-stage cell incubator with a controlled temperature of 37°C, a humidity of 90-
95%, and 5% CO2119 . To perform single cell migration analysis, U87MG were plated at 3.5 × 103 
cells/cm2 in a plastic multi-six well plate and in multi-six well plates covered by a thin layer of PDMS 
to obtain substrates with different value of the Young modulus: 0.2 kPa, 8 kPa, 32 kPa (CytoSoft® 6-
well Plates, Advanced Biomatrix), and PDMS 1:25. The cells were incubated overnight and 
subsequently observed under the microscope (Olympus IX 70), at 10X magnification. The system 
takes a photo every 4 minutes. This system allowed us to simultaneously evaluate the effects of 1g at 
three different concentrations: 5 μM, 10μM and 20 μM. The time-lapse videos were then edited using 
ImageJ and cell positions were recorded using the manual tracking software of FIJI. 

Adhesion Assay 
U87MG cells pre-treated (6h with 1g at 20 μM) or not, were grown in 96-well plates pre-coated 

with BME 0.25% at 90,000 cells/cm2, and incubated or not with 1g at 5,20,50 μM, in serum-free EMEM, 
and incubated at 37°C for 30 min. followed by a wash with phosphate-buffered saline (PBS) to remove 
non-adherent cells. The cells were fixed in cold acetone for 15 minutes and stained with 0.5% crystal 
violet for 1 h and red at 540 nm using a spectrophotometer (Thermofisher, Biorad, Bologna). 

Western Blot 
Proteins were extracted from U87MG control and 1g-treated cells (20 μM) using RIPA buffer (50 

mMTris-HCl pH 7.4, 150 mMNaCl, 1% Na deoxycolate, 1% Triton X-100, 2 mM PMSF) (Sigma 
Aldrich, Milano, Italy). Lysate proteins were quantified using BCA Protein Assay Kit (Life 
Technology, Milano, Italy) according to the manufacturer’s protocol. 5 mg of each sample was loaded 
onto a pre-cast 5-12% SDS-PAGE (Invitrogen, Milan, Italy) and transferred to nitrocellulose 
membrane (Invitrogen, Milan, Italy). The membrane was blocked in TBST (20 mMTris- HCl, 0.5 M 
NaCl and 0.05% Tween 20) buffer containing 5% non-fat dried milk overnight at 4°C and incubated 
with primary antibody anti-ɑ-actinin (1:1000), anti-paxilin (1:1000), anti-phospho-Erm (phospho-
ezrin (Thr567)/radixin (Thr564)/moesin (Thr558) (1:1000), anti-Erm (1:1000), and anti-vinculin 
(1:1000), anti-phospho-Fak (Y397) (1:1000), anti-Fak (1:1000), anti-RhoA (1:1000), anti-Rac1 (1:1000), 
at RT respectively for 3 h under gentle agitation (the primary antibodies were from Cell Signaling, 
USA). After being washed in TBST, the membranes were incubated for 1h with HRP-conjugated anti-
rabbit antibody (Cell Signaling, USA) or with HRP-conjugated anti-mouse antibody (Cell Signaling, 
USA) and visualized using chemiluminescence method (Amersham, GE Healthcare Europe GmbH, 
Milan, Italy). The immune complexes were analyzed using the Imagestudio lite software with β-actin 
as loading control. 

Spheroid Preparation 
For the formation of spheroids, the U87MG cells were seeded in 96-well plates ultra-low 

attachment (Costar, Corning Inc, Corning, NY) at a density of 500 cells/well in complete medium. 
The following day, the spheroids were treated with 1g 20 μM and after 24 hours analyzed with 

3D Traction force microscopy and Micropipette Aspiration. For the analysis of spheroid invasion, 
spheroids were embedded in a Matrigel® gel (10 mg/mL) and their evolution was measured by optical 
microscopy in bright contrast acquiring an image every hour. The best focused plane was acquired 
using a 10X objective and the resulting image is obtained stitching 4 fields together in order to capture 
the whole region of interest For 3D traction Force Microscopy, to assemble the system, we mixed the 
beads with the Matrigel® and we deposited a layer of the solution in a well of a 96-well-plate. We 
then waited for the Matrigel® to start the polymerization and we subsequently deposited a spheroid 
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on it. The spheroid was then covered with another layer of the same Matrigel®, a layer of the medium, 
and we waited another time interval for the polymerization of the newly deposited gel before starting 
the acquisition of the images. 

3. D Traction Force Microscopy of Spheroids 

The measurements of the traction forces exerted by the spheroids upon the surrounding micro-
environment has been evaluated following the protocol developed by ref. [45] and previously by ref. 
[48]. 

First, the time-lapse images of the spheroids have been aligned to a given frame of reference. 
Then, the field of displacements (deformations) around the spheroids has been evaluated adopting 
the PIV method. We used a square window size of 40 pixels with a cut-off of 650 pixels (1 pixel=0.73 
μm since the images had been captured using a 20X magnification). The PIV method compares a 
couple of subsequent images of the sequence identifying the spheroid boundaries, the field 
displacements (deformations), and eventually the drift correction can be included. The field of 
displacements are stored in a dedicated subdirectory in .npy python arrays. 

𝜅(𝜀) = 𝜅଴ ∙ ቐ

𝑒ఌ/ௗబ  𝑓𝑜𝑟 𝜀 < 0 𝑏𝑢𝑐𝑙𝑖𝑛𝑔
1 𝑓𝑜𝑟 0 < 𝜀 <  𝜀௦ 𝑙𝑖𝑛𝑒𝑎𝑟 𝑟𝑒𝑔𝑖𝑚𝑒

𝑒(ఌିఌೞ)/ௗೞ  𝑓𝑜𝑟 𝜀 ≥ 𝜀௦ 𝑠𝑡𝑟𝑎𝑖𝑛 𝑠𝑡𝑖𝑓𝑓𝑒𝑛𝑖𝑛𝑔

 

Before the final force reconstruction step the look-up table must be evaluated. The lookup table 
describes the connection between the normalized distance (r/r0) and the normalized deformation 
(d/r0) for different applied pressures. The previous authors [45] provides a list of several lookup table 
for Matrigel® and collagen with different densities. We evaluated the appropriate lookup table for 
Matrigel® 10 mg/mL using the semi-affine material model previously exploited by ref. [48]. This 
model is able to simulate a non-linear material subdividing his behavior in three different regimes: 
buckling, linear regime, strain stiffening. 

The ε parameter represents the strain, κ0 is the linear stiffness, while d0 and ds are the rate of 
stiffness change during buckling and stiffening phase, respectively. Finally, εs parameter is the onset 
of strain stiffening. During the buckling regime the material is under compressions (negative strain) 
and the fibers constituting the material are not able to respond to the external stimuli, and the stiffness 
decreases exponentially. For limited positive strains the material produces a linear response. For 
larger positive strains (above εs) the material undergoes strain stiffening. Since d0, ds and εs are 
independent with respect to the particular Matrigel® concentration we need to adjust only the linear 
stiffness parameter before proceeding with the lookup table evaluation. 

After obtaining the lookup table for Matrigel® with 10 mg/mL concentration we can pass to the 
force reconstruction step. To avoid artifacts due to cells close to spheroid boundaries, we reconstruct 
the force for distances larger than 2 spheroid radii. The results are summarized in a .xls file containing 
the fitted pressure, the measured contractility, and their angular distributions. 

Micropipette Aspiration Technique 

The microaspiration of cell spheroids were performed exploiting micropipette prepared by 
pulling borosilicate capillaries (World Precision Instruments, WPI, Sarasota, FL, USA), 1.5 mm/1 mm 
O/I diameter) with a double step pulling strategy. The micropipettes were initially thinned using an 
automatic puller and then were further thinned using a custom-developed puller. A custom 
developed forge was exploited to cut pipettes in order to have the pipette aperture perpendicular to 
its longitudinal. Pipettes were fire-polished to ensure good contact with the spheroid and avoid 
damage to cells in the periphery of the spheroid. To prevent adhesion between the glass sides of the 
pipette and cells, the micropipettes were pretreated with BSA (10 mg/mL) or Surfasil. In the case of 
pretreatment with BSA the pipettes were immersed in the BSA solution for 5 minutes and then they 
were thoroughly rinsed with distilled water before being filled with the same culture medium used 
to grow the spheroids. In the case of Surfasil pretreatment, the micropipettes were immersed for 5 
min. in a toluene diluted Surfasil solution they were subsequently thoroughly washed with toluene 
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and then kept for 10 min. in the oven at 90 °C to allow a complete adhesion of the layer in contact 
with the pipette glass. Each pipette was then connected to a pneumatic pressure transducer (Lorenz 
MPCU-3, sensitivity of 1 mm H2O) to establish a pressure difference between the internal side of the 
pipette and the external solution. The pressure difference was applied by controlling the air pressure 
on top of a cylindrical tube containing the culture medium solution. The tube was initially positioned 
in order to assure the position of the free surface of the culture medium that allowed a negligible 
starting pressure difference, verified by controlling the null aspiration or repulsion of small objects 
in solution. The spheroids were kept inside a chamber made by glass-slides separated by a PDMS or 
Teflon ring allowing the entry of the pipette from one side and the injection of a single spheroid from 
the other side. The bottom glass of the chamber was pretreated with BSA or Surfasil to avoid adhesion 
with the spheroid during the time needed to find and grab it with the micropipette. We performed a 
creep compliance analysis in the time domain analyzing the response of the spheroid inside the 
micropipette after a pressure difference jump of about 20 cm H2O (between the internal pipette region 
and the region just outside the pipette). To analyze the creep behavior, the progressive position of 
the spheroid protrusion inside the micropipette is measured for 20 min in the aspiration and another 
20 min in the release phase by exploiting optical microscopy images and at a rate of 1 frame per min. 
Images were acquired by an Olympus IX 70 inverted microscope in Differential Interference Contrast 
(DIC) mode with a 20X or 40X objective. To maintain as much as possible optimal conditions for cells, 
a closed system was used to inject humidified water vapor at a temperature of 37°C with a CO2 
concentration of 5% (see SI of ref. 120). To confirm the state of cells, a LIVE/DEAD cell imaging Kit has 
been used to establish cell viability on the basis of intracellular esterase activity and plasma 
membrane integrity (two different filters,FITC and TRITC were used: green → live cells, red → dead 
cells) (Fig. S2). The images were then analyzed by using the ImageJ software (NIH, Washington, USA) 
in order to automatically detect the position of the cell protrusion inside the micropipette. 

Dynamic Mechanical Analysis by AFM 

Cells were analyzed with a BioScope I microscope equipped with a Nanoscope IIIA controller 
(Veeco Metrology, Plainview, NY, USA). The cantilever spring constant has been calibrated using the 
thermal noise method [121]. Dynamic mechanical measurements have been performed exploiting a 
home-developed device that can apply a sinusoidal signal taken from a lock-in amplifier to the z-
piezo-scanner of the AFM obtaining a modulation of the cantilever position when a constant 
indentation is maintained. The other input of the lock-in amplifier is connected to the signal of the 
cantilever deflection detector. The lock-in amplifier detects the amplitude of the deflection signal and 
the phase lag between the two signals. Due to the low integration time of the lock-in amplifier and to 
stability problems of the AFM cantilever, we considered frequencies not lower than 1 Hz (enough 
cycles must be obtained before the signal stabilizes). When the cantilever oscillates around an 
indentation δ0, we can write the following equation [79]: 

𝐹(𝜔) = 2
𝐸∗(𝜔)

1 − 𝜈ଶ ඥ𝑅𝛿଴𝛿(𝜔) 
where R is the radius of the indenting probe, F(ω) and δ(ω) are the periodic force applied by the tip 
and the sample indentation, respectively. The indentation is obtained by subtracting the cantilever 
deflection from the piezo vertical displacement. The term E* is the complex Young modulus in the 
frequency domain and 𝜈 is the Poisson ratio. The previous equation is related to the Hertz theory of 
contact mechanics, whereas rheological investigations typically consider the shear modulus G. It is 
possible to consider the parameter G according to the transformation G=E/2(ν+1). The correspondence 
principle for linear viscoelasticity allows to write: 

𝐺∗(𝜔) =
1 − 𝜈

4ඥ𝑅𝛿଴

𝐹(𝜔)

𝛿(𝜔)
 

where F(ω) and δ(ω) are the Fourier transforms of the force and indentation parameters and G* is the 
complex shear modulus. The complex modulus can also be written as: 

𝐺∗(𝜔) = 𝐺ᇱ(𝜔) + 𝑖𝐺ᇱᇱ(𝜔) 
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where 𝐺ᇱ(𝜔) is the shear storage modulus (related to elastic behavior) and 𝐺ᇱᇱ(𝜔) is the shear loss 
modulus (related to viscous dissipation). F(ω) and δ(ω) can be written as: 

𝐹(𝜔) = 𝐹଴(𝜔)𝑒௜ణ(ఠ) 𝛿(𝜔) = 𝛿଴(𝜔)𝑒௜థ(ఠ) 
and their ratio is given by: 

𝐹଴(𝜔)

𝛿଴(𝜔)
𝑒௜[ణ(ఠ)ିథ(ఠ)] =

𝐹଴(𝜔)

𝛿଴(𝜔)
𝑒௜୼ఏ(ఠ) 

Considering the expression for the complex shear modulus, we can write: 
𝐺ᇱ(𝜔) =

1 − 𝜈

4ඥ𝑅𝛿଴

𝐹଴(𝜔)

𝛿଴(𝜔)
cos Δ𝜃(𝜔) 𝐺ᇱᇱ(𝜔) =

1 − 𝜈

4ඥ𝑅𝛿଴

𝐹଴(𝜔)

𝛿଴(𝜔)
sin Δ𝜃(𝜔) 

The phase lag Δ𝜃(𝜔) between the applied force and the cantilever deflection, equivalent to the 
produced indentation, measured by the AFM detector could be affected by spurious phase lags due 
to the electronic system (mainly the piezoactuator device) and to the viscous drag of the cantilever 
when excited to high frequencies. To account for the first spurious contribution, we performed 
measurements of the phase lag between the two quantities when the cantilever was in contact with a 
rigid and not deformable surface like mica. Considering that the phase lag observed in this case is 
not due to a viscous behavior of the indented sample, this value of the phase lag was subtracted from 
the value we obtained on living cells at different frequencies. To account for the drag force, we 
included in the formula a dissipative term: 

𝐺∗(𝜔) =
1 − 𝜈

4ඥ𝑅𝛿଴

ቆ
𝐹(𝜔)

𝛿(𝜔)
− 𝑖𝜔𝑏(0)ቇ 

𝐺ᇱᇱ(𝜔) =
1 − 𝜈

4ඥ𝑅𝛿଴

𝐹଴(𝜔)

𝛿଴(𝜔)
sin Δ𝜃(𝜔) − 𝜔𝑏(0) 

and for b(0) we took the value reported in the literature for a similar cantilever (b(0)=5 × 10−6 Ns/m) 
[78,122]. 

Ting Model Analysis of Single Force Curves 
An extensive rheological analysis of living cells can be realized also considering viscoelastic 

models to describe the complete approach and retract portions of the force-curve. To perform this 
analysis, we exploited the Ting model using a procedure similar to the one presented in the work by 
Efremov et al. [83]. Briefly, the Ting solution for a rigid pyramidal indenter exerts a force on a 
viscoelastic material is exploited according to the formulas: 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

𝐹൫𝑡, 𝛿(𝑡)൯ =
1.4906 tan 𝜗

2(1 − 𝜈ଶ)
න 𝐸(𝑡 − 𝜉)

𝜕𝛿

𝜕𝜉
𝑑𝜉 𝑓𝑜𝑟 0 ≤ 𝑡 ≤ 𝑡௠

௧

଴

𝐹൫𝑡, 𝛿(𝑡)൯ =
1.4906 tan 𝜗

2(1 − 𝜈ଶ)
න 𝐸(𝑡 − 𝜉)

𝜕𝛿

𝜕𝜉
𝑑𝜉 𝑓𝑜𝑟 𝑡௠ ≤ 𝑡 ≤ 𝑡௜௡ௗ

௧భ(௧)

଴

𝑤𝑖𝑡ℎ: න 𝐸(𝑡 − 𝜉)
𝜕𝛿

𝜕𝜉
𝑑𝜉 = 0 𝑓𝑜𝑟 𝑡௠ ≤ 𝑡 ≤ 𝑡௜௡ௗ

௧

௧భ(௧)

 

where F is the tip/sample force, tind is the time of the entire indentation cycle (approach and retract 
phases), tm is the inversion time of the indentation cycle, t1 is a parameter needed to compensate for 
the sample relaxation during the retraction phase and it is calculated by the expression reported in 
the above formula and E(t) represents the Young’s modulus relaxation expression. For E we adopted 
the following expression: 

𝐸(𝑡) = 𝐸଴ ൬
𝑡

𝑡′
൰

ିఈ

 
where t’ corresponds to the sampling time during the force-curve, and E0 is the instantaneous Young 
modulus of the sample. The adopted relaxation expression is known as the power law rheology 
model and it is the typically exploited model for AFM rheological measurements [83]. Equation (2) is 
numerically solved and a least squares error fitting procedure using the experimental values of the 
force is exploited to find the best values for the two parameters E0 and α. All the force-curve analyses 
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were performed with a home-developed Python software. The vertical scanning tip speed was 8 
μm/s, the total z-scan displacement was between 2.5 μm and 3 μm. The fitting procedure was 
repeated for all the sample points of the Force Volume image (32 × 32 pixels2) and the average values 
from force curves obtained over the nucleus region were evaluated. The cells were imaged for a total 
time of about 3h while keeping the temperature constant at 37°C. 

5. Conclusions 

In conclusion, we have established the ability of the new molecule 1g to interfere with cell 
adhesion, motility, spreading, and the mitotic stage of glioblastoma multiforme cells. Although the 
specific targets of this action are not yet fully understood and require further analysis, we hypothesize 
that its activity is related to microtubule dynamics, likely through its interaction with certain 
microtubule-associated proteins (MAPs). The effect of this molecule on microtubules influences the 
stability of focal adhesion complexes, leading to a rapid rounding of cells, while leaving the structure 
of the microtubules largely intact. This is consistent with the role of microtubules in establishing cell 
polarization. Cell rounding is associated with the activation of ERM proteins, which increases cortical 
tension within the cells. Changes in the cortical layer may in turn affect the organization of the mitotic 
spindle, potentially resulting in the formation of multipolar spindles and, ultimately, leading to 
mitotic slippage before cell apoptosis. Our research uncovers new potential mechanisms involved in 
the activity of 1g, suggesting possible new targets for future specific therapies in cancer treatment 
and positioning 1g as a potential new drug for treating glioblastoma multiforme (GBM). 
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added as an appendix. 

Table A1. This is a table caption. 

Title 1 Title 2 Title 3 
entry 1 data data 
entry 2 data data 1 

Appendix B 

All appendix sections must be cited in the main text. In the appendices, Figures, Tables, etc. 
should be labeled starting with “A”—e.g., Figure A1, Figure A2, etc. 

References 

1. Ostrom, Q. T.; GiĴleman, H.; Liao, P.; Rouse, C.; Chen, Y.; Dowling, J.; Wolinsky, Y.; Kruchko, C.; Barn-
holĵ-Sloan, J. CBTRUS Statistical Report: Primary Brain and Central Nervous System Tumors Diagnosed 
in the United States in 2007-2011. Neuro-Oncology 2014, 16 (suppl 4), iv1–iv63. 
hĴps://doi.org/10.1093/neuonc/nou223. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2025 doi:10.20944/preprints202501.1700.v1

https://doi.org/10.20944/preprints202501.1700.v1


 33 of 39 

 

2. Grochans, S.; Cybulska, A. M.; Simińska, D.; Korbecki, J.; Kojder, K.; Chlubek, D.; Baranowska-Bosiacka, I. 
Epidemiology of Glioblastoma Multiforme–Literature Review. Cancers 2022, 14 (10), 2412. 
hĴps://doi.org/10.3390/cancers14102412. 

3. Pollard, T. D.; Borisy, G. G. Cellular Motility Driven by Assembly and Disassembly of Actin Filaments. Cell 
2003, 113 (4), 549. hĴps://doi.org/10.1016/S0092-8674(03)00357-X. 

4. Nürnberg, A.; Kiĵing, T.; Grosse, R. Nucleating Actin for Invasion. Nat Rev Cancer 2011, 11 (3), 177–187. 
hĴps://doi.org/10.1038/nrc3003. 

5. Yamaguchi, H.; Condeelis, J. Regulation of the Actin Cytoskeleton in Cancer Cell Migration and Invasion. 
Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 2007, 1773 (5), 642–652. 
hĴps://doi.org/10.1016/j.bbamcr.2006.07.001. 

6. Nguyen, R. Y.; Xiao, H.; Gong, X.; Arroyo, A.; Cabral, A. T.; Fischer, T. T.; Flores, K. M.; Zhang, X.; Robert, 
M. E.; Ehrlich, B. E.; Mak, M. Cytoskeletal Dynamics Regulates Stromal Invasion Behavior of Distinct Liver 
Cancer Subtypes. Commun Biol 2022, 5 (1), 202. hĴps://doi.org/10.1038/s42003-022-03121-5. 

7. Ridley, A. J. Rho GTPases and Cell Migration. Journal of Cell Science 2001, 114 (15), 2713–2722. 
hĴps://doi.org/10.1242/jcs.114.15.2713. 

8. Giese, A.; Loo, M. A.; Tran, N.; HaskeĴ, D.; Coons, S. W.; Berens, M. E. Dichotomy of Astrocytoma 
Migration and Proliferation. Int. J. Cancer 1996, 67 (2), 275–282. hĴps://doi.org/10.1200/JCO.2003.05.06. 

9. Xie, Q.; MiĴal, S.; Berens, M. E. Targeting Adaptive Glioblastoma: An Overview of Proliferation and Inva-
sion. Neuro-Oncology 2014, 16 (12), 1575–1584. hĴps://doi.org/10.1093/neuonc/nou147. 

10. Klank, R. L.; Decker Grunke, S. A.; Bangasser, B. L.; Forster, C. L.; Price, M. A.; Odde, T. J.; SantaCruz, K. 
S.; Rosenfeld, S. S.; Canoll, P.; Turley, E. A.; McCarthy, J. B.; Ohlfest, J. R.; Odde, D. J. Biphasic Dependence 
of Glioma Survival and Cell Migration on CD44 Expression Level. Cell Reports 2017, 18 (1), 23–31. 
hĴps://doi.org/10.1016/j.celrep.2016.12.024. 

11. Picariello, H. S.; Kenchappa, R. S.; Rai, V.; Crish, J. F.; Dovas, A.; Pogoda, K.; McMahon, M.; Bell, E. S.; 
Chandrasekharan, U.; Luu, A.; West, R.; Lammerding, J.; Canoll, P.; Odde, D. J.; Janmey, P. A.; Egelhoff, T.; 
Rosenfeld, S. S. Myosin IIA Suppresses Glioblastoma Development in a Mechanically Sensitive Manner. 
Proc. Natl. Acad. Sci. U.S.A. 2019, 116 (31), 15550–15559. hĴps://doi.org/10.1073/pnas.1902847116. 

12. Ivkovic, S.; Beadle, C.; Noticewala, S.; Massey, S. C.; Swanson, K. R.; Toro, L. N.; Bresnick, A. R.; Canoll, P.; 
Rosenfeld, S. S. Direct Inhibition of Myosin II Effectively Blocks Glioma Invasion in the Presence of Multi-
ple Motogens. MBoC 2012, 23 (4), 533–542. hĴps://doi.org/10.1091/mbc.e11-01-0039. 

13. Haĵikirou, H.; Basanta, D.; Simon, M.; Schaller, K.; Deutsch, A. “Go or Grow”: The Key to the Emergence 
of Invasion in Tumour Progression? Math. Med. Biol. 2012, 29 (1), 49–65. 
hĴps://doi.org/10.1093/imammb/dqq011. 

14. Giese, A.; Bjerkvig, R.; Berens, M. E.; Westphal, M. Cost of Migration: Invasion of Malignant Gliomas and 
Implications for Treatment. JCO 2003, 21 (8), 1624–1636. hĴps://doi.org/DOI: 10.1200/JCO.2003.05.063. 

15. Dhruv, H. D.; McDonough Winslow, W. S.; Armstrong, B.; Tuncali, S.; Eschbacher, J.; Kislin, K.; Loftus, J. 
C.; Tran, N. L.; Berens, M. E. Reciprocal Activation of Transcription Factors Underlies the Dichotomy 
between Proliferation and Invasion of Glioma Cells. PLoS ONE 2013, 8 (8), e72134. 
hĴps://doi.org/10.1371/journal.pone.0072134. 

16. Ulrich, T. A.; De Juan Pardo, E. M.; Kumar, S. The Mechanical Rigidity of the Extracellular Matrix Regulates 
the Structure, Motility, and Proliferation of Glioma Cells. Cancer Res. 2009, 69 (10), 4167–4174. 
hĴps://doi.org/10.1158/0008-5472.CAN-08-4859. 

17. Pérez-González, A.; Bévant, K.; Blanpain, C. Cancer Cell Plasticity during Tumor Progression, Metastasis 
and Response to Therapy. Nat Cancer 2023, 4 (8), 1063–1082. hĴps://doi.org/10.1038/s43018-023-00595-y. 

18. Wu, J.; Jiang, J.; Chen, B.; Wang, K.; Tang, Y.; Liang, X. Plasticity of Cancer Cell Invasion: PaĴerns and 
Mechanisms. Transl. Oncol. 2021, 14 (1), 100899. hĴps://doi.org/10.1016/j.tranon.2020.100899. 

19. Omuro, A. M. P.; Faivre, S.; Raymond, E. Lessons Learned in the Development of Targeted Therapy for Ma-
lignant Gliomas. Mol. Cancer Ther. 2007, 6 (7), 1909–1919. hĴps://doi.org/10.1158/1535-7163.MCT-07-0047. 

20. Woehrer, A.; Bauchet, L.; Barnholĵ-Sloan, J. S. Glioblastoma Survival: Has It Improved? Evidence from 
Population-Based Studies. Curr. Opin. Neurol. 2014, 27 (6), 666–674. 
hĴps://doi.org/10.1097/WCO.0000000000000144. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2025 doi:10.20944/preprints202501.1700.v1

https://doi.org/10.20944/preprints202501.1700.v1


 34 of 39 

 

21. Nakada, M.; Nakada, S.; Demuth, T.; Tran, N. L.; Hoelzinger, D. B.; Berens, M. E. Molecular Targets of Gli-
oma Invasion. Cell. Mol. Life Sci. 2007, 64 (4), 458–478. hĴps://doi.org/10.1007/s00018-007-6342-5. 

22. Beadle, C.; Assanah, M. C.; Monzo, P.; Vallee, R.; Rosenfeld, S. S.; Canoll, P. The Role of Myosin II in Glioma 
Invasion of the Brain. MBoC 2008, 19 (8), 3357–3368. hĴps://doi.org/10.1091/mbc.e08-03-0319. 

23. Manning, T. J.; Parker, J. C.; Sontheimer, H. Role of Lysophosphatidic Acid and Rho in Glioma Cell Motility. 
Cell Motil. Cytoskeleton 2000, 45 (3), 185–199. hĴps://doi.org/10.1002/(SICI)1097-
0169(200003)45:3<185::AID-CM2>3.0.CO;2-G. 

24. Salhia, B.; RuĴen, F.; Nakada, M.; Beaudry, C.; Berens, M.; Kwan, A.; Rutka, J. T. Inhibition of Rho-Kinase 
Affects Astrocytoma Morphology, Motility, and Invasion through Activation of Rac1. Cancer Res. 2005, 65 
(19), 8792–8800. hĴps://doi.org/10.1158/0008-5472.CAN-05-0160. 

25. Liew, H. Y.; Liew, X. H.; Lin, W. X.; Lee, Y. Z.; Ong, Y. S.; Ogawa, S.; Chong, L. H. Cellular Traction Force 
Holds the Potential as a Drug Testing Readout for In Vitro Cancer Metastasis. Cel. Mol. Bioeng. 2024, 17 
(3), 203–217. hĴps://doi.org/10.1007/s12195-024-00811-4. 

26. Zhang, Y.; Shi, X.; Zhao, T.; Huang, C.; Wei, Q.; Tang, X.; Santy, L. C.; Saif, M. T. A.; Zhang, S. A Traction 
Force Threshold Signifies Metastatic Phenotypic Change in Multicellular Epithelia. Soft MaĴer 2019, 15 
(36), 7203–7210. hĴps://doi.org/10.1039/C9SM00733D. 

27. Vining, K. H.; Mooney, D. J. Mechanical Forces Direct Stem Cell Behaviour in Development and Regenera-
tion. Nat. Rev. Mol. Cell Biol 2017, 18 (12), 728–742. hĴps://doi.org/10.1038/nrm.2017.108. 

28. Hall, A. Rho GTPases and the Actin Cytoskeleton. Science 1998, 279. 
hĴps://doi.org/10.1126/science.279.5350.509. 

29. Provenzano, P. P.; Keely, P. J. Mechanical Signaling through the Cytoskeleton Regulates Cell Proliferation 
by Coordinated Focal Adhesion and Rho GTPase Signaling. Journal of Cell Science 2011, 124 (8), 1195–1205. 
hĴps://doi.org/10.1242/jcs.067009. 

30. Kumar, S.; Weaver, V. M. Mechanics, Malignancy, and Metastasis: The Force Journey of a Tumor Cell. Can-
cer Metastasis Rev 2009, 28 (1–2), 113–127. hĴps://doi.org/10.1007/s10555-008-9173-4. 

31. Li, Y.; Wong, I. Y.; Guo, M. Reciprocity of Cell Mechanics with Extracellular Stimuli: Emerging Opportuni-
ties for Translational Medicine. Small 2022, 18 (36), 2107305. hĴps://doi.org/10.1002/smll.202107305. 

32. Chen, C. S. Mechanotransduction – a Field Pulling Together? J. Cell Sci. 2008, 121 (20), 3285–3292. 
hĴps://doi.org/10.1242/jcs.023507. 

33. Vogel, V.; Sheeĵ, M. Local Force and Geometry Sensing Regulate Cell Functions. Nat Rev Mol Cell Biol 
2006, 7 (4), 265–275. hĴps://doi.org/10.1038/nrm1890. 

34. Paszek, M. J.; Zahir, N.; Johnson, K. R.; Lakins, J. N.; Rozenberg, G. I.; Gefen, A.; Reinhart-King, C. A.; 
Margulies, S. S.; Dembo, M.; BoeĴiger, D.; Hammer, D. A.; Weaver, V. M. Tensional Homeostasis and the 
Malignant Phenotype. Cancer Cell 2005, 8 (3), 241–254. hĴps://doi.org/10.1016/j.ccr.2005.08.010. 

35. Hemmat, M.; Castle, B. T.; Odde, D. J. Microtubule Dynamics: Moving toward a Multi-Scale Approach. 
Curr. Opin. Cell Bio. 2018, 50, 8–13. hĴps://doi.org/10.1016/j.ceb.2017.12.013. 

36. Akhmanova, A.; Steinmeĵ, M. O. Control of Microtubule Organization and Dynamics: Two Ends in the 
Limelight. Nat Rev Mol Cell Biol 2015, 16 (12), 711–726. hĴps://doi.org/10.1038/nrm4084. 

37. Pirani, V.; Métivier, M.; Gallaud, E.; Thomas, A.; Ku, S.; Chretien, D.; EĴari, R.; Giet, R.; Corsi, L.; Benaud, 
C. A Novel Benzodiazepine Derivative That Suppresses Microtubule Dynamics and Impairs Mitotic 
Progres-sion. J. Cell Sci. 2020, 133 (7), jcs239244. hĴps://doi.org/10.1242/jcs.239244. 

38. Parenti, S.; Casagrande, G.; Montanari, M.; Espahbodinia, M.; EĴari, R.; Grande, A.; Corsi, L. A Novel 2,3-
Benzodiazepine-4-One Derivative AMPA Antagonist Inhibits G2/M Transition and Induces Apoptosis in 
Human Leukemia Jurkat T Cell Line. Life Sci. 2016, 152, 117–125. hĴps://doi.org/10.1016/j.lfs.2016.03.051. 

39. Micale, N.; Colleoni, S.; Postorino, G.; Pellicanò, A.; Zappalà, M.; Lazzaro, J.; Diana, V.; CagnoĴo, A.; Men-
nini, T.; Grasso, S. Structure–Activity Study of 2,3-Benzodiazepin-4-Ones Noncompetitive AMPAR An-
tagonists: Identification of the 1-(4-Amino-3-Methylphenyl)-3,5-Dihydro-7,8-Ethylenedioxy-4H-2,3-
Benzodiazepin-4-One as Neuropro-tective Agent. Bioorg. & Med. Chem. 2008, 16 (5), 2200–2211. 
hĴps://doi.org/10.1016/j.bmc.2007.11.080. 

40. Boot, R. C.; Koenderink, G. H.; Boukany, P. E. Spheroid Mechanics and Implications for Cell Invasion. Adv. 
Phys.: X 2021, 6 (1), 1978316. hĴps://doi.org/10.1080/23746149.2021.1978316. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2025 doi:10.20944/preprints202501.1700.v1

https://doi.org/10.20944/preprints202501.1700.v1


 35 of 39 

 

41. Zanoni, M.; Piccinini, F.; Arienti, C.; Zamagni, A.; Santi, S.; Polico, R.; Bevilacqua, A.; Tesei, A. 3D Tumor 
Spheroid Models for in Vitro Therapeutic Screening: A Systematic Approach to Enhance the Biological 
Relevance of Data Obtained. Sci Rep 2016, 6 (1), 19103. hĴps://doi.org/10.1038/srep19103. 

42. Han, S. J.; Kwon, S.; Kim, K. S. Challenges of Applying Multicellular Tumor Spheroids in Preclinical Phase. 
Cancer Cell Int 2021, 21 (1), 152. hĴps://doi.org/10.1186/s12935-021-01853-8. 

43. Patel, T.; Jain, N. Multicellular Tumor Spheroids: A Convenient in Vitro Model for Translational Cancer 
Research. Life Sci. 2024, 358, 123184. hĴps://doi.org/10.1016/j.lfs.2024.123184. 

44. Tevis, K. M.; Colson, Y. L.; Grinstaff, M. W. Embedded Spheroids as Models of the Cancer Microenviron-
ment. Adv. Biosys. 2017, 1 (10), 1700083. hĴps://doi.org/10.1002/adbi.201700083. 

45. Mark, C.; Grundy, T. J.; Strissel, P. L.; Böhringer, D.; Grummel, N.; Gerum, R.; Steinwachs, J.; Hack, C. C.; 
Beckmann, M. W.; Eckstein, M.; Strick, R.; O’Neill, G. M.; Fabry, B. Collective Forces of Tumor Spheroids 
in Three-Dimensional Biopolymer Networks. eLife 2020, 9, e51912. hĴps://doi.org/10.7554/eLife.51912. 

46. Koch, T. M.; Münster, S.; Bonakdar, N.; Butler, J. P.; Fabry, B. 3D Traction Forces in Cancer Cell Invasion. 
PLoS ONE 2012, 7 (3), e33476. hĴps://doi.org/10.1371/journal.pone.0033476. 

47. Kopanska, K. S.; Alcheikh, Y.; Staneva, R.; Vignjevic, D.; Beĵ, T. Tensile Forces Originating from Cancer 
Spheroids Facilitate Tumor Invasion. PLoS ONE 2016, 11 (6), e0156442. 
hĴps://doi.org/10.1371/journal.pone.0156442. 

48. Steinwachs, J.; Meĵner, C.; Skodzek, K.; Lang, N.; Thievessen, I.; Mark, C.; Münster, S.; Aifantis, K. E.; 
Fabry, B. Three-Dimensional Force Microscopy of Cells in Biopolymer Networks. Nat Methods 2016, 13 (2), 
171–176. hĴps://doi.org/10.1038/nmeth.3685. 

49. Buchmann, B.; Fernández, P.; Bausch, A. R. The Role of Nonlinear Mechanical Properties of Biomimetic 
Hydrogels for Organoid Growth. Biophys. Rev. 2021, 2 (2), 021401. hĴps://doi.org/10.1063/5.0044653. 

50. Gonzalez-Rodriguez, D.; Guevorkian, K.; Douezan, S.; Brochard-Wyart, F. Soft MaĴer Models of Develop-
ing Tissues and Tumors. Science 2012, 338 (6109), 910–917. hĴps://doi.org/10.1126/science.1226418. 

51. Ehrig, S.; Schamberger, B.; Bidan, C. M.; West, A.; Jacobi, C.; Lam, K.; Kollmannsberger, P.; Petersen, A.; To-
mancak, P.; Kommareddy, K.; Fischer, F. D.; Fraĵl, P.; Dunlop, J. W. C. Surface Tension Determines Tissue 
Shape and Growth Kinetics. Sci. Adv. 2019. hĴps://doi.org/10.1126/sciadv.aav9394. 

52. Nagle, I.; Richert, A.; Quinteros, M.; Janel, S.; Buysschaert, E.; Luciani, N.; Debost, H.; Thevenet, V.; 
Wilhelm, C.; Prunier, C.; Lafont, F.; Padilla-Benavides, T.; Boissan, M.; Reffay, M. Surface Tension of Model 
Tissues during Malignant Transformation and Epithelial–Mesenchymal Transition. Front. Cell Dev. Biol. 
2022, 10, 926322. hĴps://doi.org/10.3389/fcell.2022.926322. 

53. Guevorkian, K.; Colbert, M.-J.; Durth, M.; Dufour, S.; Brochard-Wyart, F. Aspiration of Biological Viscoelas-
tic Drops. Phys. Rev. LeĴ. 2010, 104 (21), 218101. hĴps://doi.org/10.1103/PhysRevLeĴ.104.218101. 

54. Guevorkian, K.; Maître, J.-L. MicropipeĴe Aspiration. In Methods in Cell Biology; Elsevier, 2017; Vol. 139, 
pp 187–201. hĴps://doi.org/10.1016/bs.mcb.2016.11.012. 

55. Boot, R. C.; Roscani, A.; Van Buren, L.; Maity, S.; Koenderink, G. H.; Boukany, P. E. High-Throughput 
Mechanophenotyping of Multicellular Spheroids Using a Microfluidic MicropipeĴe Aspiration Chip. Lab 
Chip 2023, 23 (7), 1768–1778. hĴps://doi.org/10.1039/D2LC01060G. 

56. Guevorkian, K.; Gonzalez-Rodriguez, D.; Carlier, C.; Dufour, S.; Brochard-Wyart, F. Mechanosensitive 
Shivering of Model Tissues under Controlled Aspiration. Proc. Natl. Acad. Sci. U.S.A. 2011, 108 (33), 13387–
13392. hĴps://doi.org/10.1073/pnas.1105741108. 

57. Ferraro, G.; Mozzicafreddo, M.; EĴari, R.; Corsi, L.; Monti, M. C. A Proteomic Platform Unveils the Brain 
Glycogen Phosphorylase as a Potential Therapeutic Target for Glioblastoma Multiforme. IJMS 2022, 23 (15), 
8200. hĴps://doi.org/10.3390/ijms23158200. 

58. Venere, M.; Horbinski, C.; Crish, J. F.; Jin, X.; Vasanji, A.; Major, J.; Burrows, A. C.; Chang, C.; Prokop, J.; 
Wu, Q.; Sims, P. A.; Canoll, P.; Summers, M. K.; Rosenfeld, S. S.; Rich, J. N. The Mitotic Kinesin KIF11 Is a 
Driver of Invasion, Proliferation, and Self-Renewal in Glioblastoma. Sci. Transl. Med. 2015, 7 (304). 
hĴps://doi.org/10.1126/scitranslmed.aac6762. 

59. Wang, F.; Lin, S. L. Knockdown of Kinesin KIF11 Abrogates Directed Migration in Response to Epidermal 
Growth Factor-Mediated Chemotaxis. Biochem. Biophys. Res. Commun. 2014, 452 (3), 642–648. 
hĴps://doi.org/10.1016/j.bbrc.2014.08.136. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2025 doi:10.20944/preprints202501.1700.v1

https://doi.org/10.20944/preprints202501.1700.v1


 36 of 39 

 

60. Zasadil, L. M.; Andersen, K. A.; Yeum, D.; Rocque, G. B.; Wilke, L. G.; Tevaarwerk, A. J.; Raines, R. T.; Bur-
kard, M. E.; Weaver, B. A. Cytotoxicity of Paclitaxel in Breast Cancer Is Due to Chromosome Missegrega-
tion on Multipolar Spindles. Sci. Transl. Med. 2014, 6 (229). hĴps://doi.org/10.1126/scitranslmed.3007965. 

61. Nishimura, K.; Johmura, Y.; Deguchi, K.; Jiang, Z.; Uchida, K. S. K.; Suzuki, N.; Shimada, M.; Chiba, Y.; Hi-
rota, T.; Yoshimura, S. H.; Kono, K.; Nakanishi, M. Cdk1-Mediated DIAPH1 Phosphorylation Maintains 
Metaphase Cortical Tension and Inactivates the Spindle Assembly Checkpoint at Anaphase. Nat Commun 
2019, 10 (1), 981. hĴps://doi.org/10.1038/s41467-019-08957-w. 

62. Field, J. J.; Kanakkanthara, A.; Miller, J. H. Microtubule-Targeting Agents Are Clinically Successful Due to 
Both Mitotic and Interphase Impairment of Microtubule Function. Bioorg. & Med. Chem. 2014, 22 (18), 
5050–5059. hĴps://doi.org/10.1016/j.bmc.2014.02.035. 

63. Rieder, C. L.; Maiato, H. Stuck in Division or Passing Through. Dev. Cell 2004, 7 (5), 637–651. 
hĴps://doi.org/10.1016/j.devcel.2004.09.002. 

64. Weaver, B. A. A.; Cleveland, D. W. Decoding the Links between Mitosis, Cancer, and Chemotherapy: The 
Mitotic Checkpoint, Adaptation, and Cell Death. Cancer Cell 2005, 8 (1), 7–12. 
hĴps://doi.org/10.1016/j.ccr.2005.06.011. 

65. Miroshnikova, Y. A.; Mouw, J. K.; Barnes, J. M.; Pickup, M. W.; Lakins, J. N.; Kim, Y.; Lobo, K.; Persson, A. 
I.; Reis, G. F.; McKnight, T. R.; Holland, E. C.; Phillips, J. J.; Weaver, V. M. Tissue Mechanics Promote IDH1-
Dependent HIF1α–Tenascin C Feedback to Regulate Glioblastoma Aggression. Nat Cell Biol 2016, 18 (12), 
1336–1345. hĴps://doi.org/10.1038/ncb3429. 

66. Grundy, T. J.; De Leon, E.; Griffin, K. R.; Stringer, B. W.; Day, B. W.; Fabry, B.; Cooper-White, J.; O’Neill, G. 
M. Differential Response of Patient-Derived Primary Glioblastoma Cells to Environmental Stiffness. Sci 
Rep 2016, 6 (1), 23353. hĴps://doi.org/10.1038/srep23353. 

67. Zhang, C.; Tan, Y.; Feng, J.; Huang, C.; Liu, B.; Fan, Z.; Xu, B.; Lu, T. Exploration of the Effects of Substrate 
Stiffness on Biological Responses of Neural Cells and Their Mechanisms. ACS Omega 2020, 5 (48), 31115–
31125. hĴps://doi.org/10.1021/acsomega.0c04279. 

68. Feng, J.; Tang, Y.; Xu, Y.; Sun, Q.; Liao, F.; Han, D. Substrate Stiffness Influences the Outcome of Antitumor 
Drug Screening in Vitro. Clin. Hemorheol. Microcirc. 2013, 55 (1), 121–131. hĴps://doi.org/10.3233/CH-
131696. 

69. Bangasser, B. L.; Shamsan, G. A.; Chan, C. E.; Opoku, K. N.; Tüzel, E.; Schlichtmann, B. W.; Kasim, J. A.; 
Fuller, B. J.; McCullough, B. R.; Rosenfeld, S. S.; Odde, D. J. Shifting the Optimal Stiffness for Cell Migration. 
Nat Commun 2017, 8 (1), 15313. hĴps://doi.org/10.1038/ncomms15313. 

70. Seetharaman, S.; Vianay, B.; Roca, V.; Farrugia, A. J.; De Pascalis, C.; Boëda, B.; Dingli, F.; Loew, D.; Vass-
ilopoulos, S.; Bershadsky, A.; Théry, M.; Etienne-Manneville, S. Microtubules Tune Mechanosensitive Cell 
Responses. Nat. Mater. 2022, 21 (3), 366–377. hĴps://doi.org/10.1038/s41563-021-01108-x. 

71. Suresh, S.; Spaĵ, J.; Mills, J. P.; Micoulet, A.; Dao, M.; Lim, C. T.; Beil, M.; Seufferlein, T. Connections be-
tween Single-Cell Biomechanics and Human Disease States: Gastrointestinal Cancer and Malaria. Acta Bi-
omaterialia 2005, 1 (1), 15–30. hĴps://doi.org/10.1016/j.actbio.2004.09.001. 

72. The Physical Sciences - Oncology Centers Network; Agus, D. B.; Alexander, J. F.; Arap, W.; Ashili, S.; Aslan, 
J. E.; Austin, R. H.; Backman, V.; Bethel, K. J.; Bonneau, R.; Chen, W.-C. et al. A Physical Sciences Network 
Characterization of Non-Tumorigenic and Metastatic Cells. Sci Rep 2013, 3 (1), 1449. 
hĴps://doi.org/10.1038/srep01449. 

73. Xu, W.; Mezencev, R.; Kim, B.; Wang, L.; McDonald, J.; Sulchek, T. Cell Stiffness Is a Biomarker of the Meta-
static Potential of Ovarian Cancer Cells. PLoS ONE 2012, 7 (10), e46609. 
hĴps://doi.org/10.1371/journal.pone.0046609. 

74. Luo, Q.; Kuang, D.; Zhang, B.; Song, G. Cell Stiffness Determined by Atomic Force Microscopy and Its Cor-
relation with Cell Motility. Biochimica et Biophysica Acta (BBA) - General Subjects 2016, 1860 (9), 1953–
1960. hĴps://doi.org/10.1016/j.bbagen.2016.06.010. 

75. Urbanska, M.; Guck, J. Single-Cell Mechanics: Structural Determinants and Functional Relevance. Annu. 
Rev. Biophys. 2024, 53 (1), 367–395. hĴps://doi.org/10.1146/annurev-biophys-030822-030629. 

76. Zhang, G.; Long, M.; Wu, Z.-Z.; Yu, W.-Q. Mechanical Properties of Hepatocellular Carcinoma Cells. WJG 
2002, 8 (2), 243. hĴps://doi.org/10.3748/wjg.v8.i2.243. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2025 doi:10.20944/preprints202501.1700.v1

https://doi.org/10.20944/preprints202501.1700.v1


 37 of 39 

 

77. Mizuno, D.; Tardin, C.; Schmidt, C. F.; MacKintosh, F. C. Nonequilibrium Mechanics of Active Cytoskeletal 
Networks. Science 2007, 315 (5810), 370–373. hĴps://doi.org/10.1126/science.1134404. 

78. Alcaraz, J.; Buscemi, L.; Grabulosa, M.; Trepat, X.; Fabry, B.; Farré, R.; Navajas, D. Microrheology of Human 
Lung Epithelial Cells Measured by Atomic Force Microscopy. Biophys. J. 2003, 84 (3), 2071–2079. 
hĴps://doi.org/10.1016/S0006-3495(03)75014-0. 

79. Mahaffy, R. E.; Shih, C. K.; MacKintosh, F. C.; Käs, J. Scanning Probe-Based Frequency-Dependent Micro-
rheology of Polymer Gels and Biological Cells. Phys. Rev. LeĴ. 2000, 85 (4), 880–883. 
hĴps://doi.org/10.1103/PhysRevLeĴ.85.880. 

80. Bershadsky, A.; Chausovsky, A.; Becker, E.; Lyubimova, A.; Geiger, B. Involvement of Microtubules in the 
Control of Adhesion-Dependent Signal Transduction. Curr. Biol. 1996, 6 (10), 1279–1289. 
hĴps://doi.org/10.1016/S0960-9822(02)70714-8. 

81. Liu, B. P.; Chrzanowska-Wodnicka, M.; Burridge, K. Microtubule Depolymerization Induces Stress Fibers, 
Focal Adhesions, and DNA Synthesis via the GTP-Binding Protein Rho. Cell Adhesion and Communication 
1998, 5 (4), 249–255. hĴps://doi.org/10.3109/15419069809040295. 

82. Takahashi, R.; Okajima, T. Mapping Power-Law Rheology of Living Cells Using Multi-Frequency Force 
Modulation Atomic Force Microscopy. Appl. Phys. LeĴ. 2015, 107 (17), 173702. 
hĴps://doi.org/10.1063/1.4934874. 

83. Efremov, Y. M.; Wang, W.-H.; Hardy, S. D.; Geahlen, R. L.; Raman, A. Measuring Nanoscale Viscoelastic 
Parameters of Cells Directly from AFM Force-Displacement Curves. Sci Rep 2017, 7 (1), 1541. 
hĴps://doi.org/10.1038/s41598-017-01784-3. 

84. Areti, A.; KomirisheĴy, P.; Zochodne, D. W. Collaborative Roles for RAC1, ERM Proteins and PTEN During 
Adult Sensory Axon Regeneration. Mol Neurobiol 2024. hĴps://doi.org/10.1007/s12035-024-04273-7. 

85. Schneider, I. C.; Hays, C. K.; Waterman, C. M. Epidermal Growth Factor–Induced Contraction Regulates 
Paxillin Phosphorylation to Temporally Separate Traction Generation from De-Adhesion. MBoC 2009, 20 
(13), 3155–3167. hĴps://doi.org/10.1091/mbc.e09-03-0219. 

86. Panopoulos, A.; Howell, M.; Fotedar, R.; Margolis, R. L. Glioblastoma Motility Occurs in the Absence of 
Ac-tin Polymer. MBoC 2011, 22 (13), 2212–2220. hĴps://doi.org/10.1091/mbc.e10-10-0849. 

87. RosenblaĴ, J.; Cramer, L. P.; Baum, B.; McGee, K. M. Myosin II-Dependent Cortical Movement Is Required 
for Centrosome Separation and Positioning during Mitotic Spindle Assembly. Cell 2004, 117 (3), 361–372. 
hĴps://doi.org/10.1016/S0092-8674(04)00341-1. 

88. Chang, Y.-C.; Nalbant, P.; Birkenfeld, J.; Chang, Z.-F.; Bokoch, G. M. GEF-H1 Couples Nocodazole-Induced 
Microtubule Disassembly to Cell Contractility via RhoA. MBoC 2008, 19 (5), 2147–2153. 
hĴps://doi.org/10.1091/mbc.e07-12-1269. 

89. Lv, S.; Chen, Z.; Mi, H.; Yu, X. Cofilin Acts as a Booster for Progression of Malignant Tumors Represented 
by Glioma. CMAR 2022, Volume 14, 3245–3269. hĴps://doi.org/10.2147/CMAR.S389825. 

90. Chignola, R.; ScheneĴi, A.; AndrigheĴo, G.; Chiesa, E.; Foroni, R.; Sartoris, S.; Tridente, G.; Liberati, D. 
Forecasting the Growth of Multicell Tumour Spheroids: Implications for the Dynamic Growth of Solid 
Tumours. Cell Prolif. 2000, 33 (4), 219–229. hĴps://doi.org/10.1046/j.1365-2184.2000.00174.x. 

91. Marušić, M.; Bajzer, Ž.; Freyer, J. P.; Vuk-Pavlović, S. Analysis of Growth of Multicellular Tumour Sphe-
roids by Mathematical Models. Cell Prolif. 1994, 27 (2), 73–94. hĴps://doi.org/10.1111/j.1365-
2184.1994.tb01407.x. 

92. Bangasser, B. L.; Rosenfeld, S. S.; Odde, D. J. Determinants of Maximal Force Transmission in a Mo-tor-
Clutch Model of Cell Traction in a Compliant Microenvironment. Biophys. J. 2013, 105 (3), 581–592. 
hĴps://doi.org/10.1016/j.bpj.2013.06.027. 

93. Stroka, K. M.; Aranda-Espinoza, H. Neutrophils Display Biphasic Relationship between Migration and 
Substrate Stiffness. Cell Motil. Cytoskeleton 2009, 66 (6), 328–341. hĴps://doi.org/10.1002/cm.20363. 

94. Peyton, S. R.; Putnam, A. J. Extracellular Matrix Rigidity Governs Smooth Muscle Cell Motility in a Bipha-
sic Fashion. J.Cell.Physiol. 2005, 204 (1), 198–209. hĴps://doi.org/10.1002/jcp.20274. 

95. (95) DiMilla, P. A.; Barbee, K.; Lauffenburger, D. A. Mathematical Model for the Effects of Adhesion and 
Mechanics on Cell Migration Speed. Biophys. J. 1991, 60 (1), 15–37. hĴps://doi.org/10.1016/S0006-
3495(91)82027-6. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2025 doi:10.20944/preprints202501.1700.v1

https://doi.org/10.20944/preprints202501.1700.v1


 38 of 39 

 

96. DiMilla, P.; Stone, J.; Quinn, J.; Albelda, S.; Lauffenburger, D. Maximal Migration of Human Smooth Muscle 
Cells on Fibronectin and Type IV Collagen Occurs at an Intermediate AĴachment Strength. JCB 1993, 122 
(3), 729–737. hĴps://doi.org/10.1083/jcb.122.3.729. 

97. Prahl, L. S.; Odde, D. J. Modeling Cell Migration Mechanics. In Biomechanics in Oncology; Dong, C., Zahir, 
N., Konstantopoulos, K., Eds.; Advances in Experimental Medicine and Biology; Springer International 
Pub-lishing: Cham, 2018; Vol. 1092, pp 159–187. hĴps://doi.org/10.1007/978-3-319-95294-9_9. 

98. Kamath, K.; Smiyun, G.; Wilson, L.; Jordan, M. A. Mechanisms of Inhibition of Endothelial Cell Migration 
by Taxanes. Cytoskeleton 2014, 71 (1), 46–60. hĴps://doi.org/10.1002/cm.21153. 

99. Honoré, S.; Pagano, A.; Gauthier, G.; Bourgarel-Rey, V.; Verdier-Pinard, P.; CivileĴi, K.; Kruczynski, A.; 
Braguer, D. Antiangiogenic Vinflunine Affects EB1 Localization and Microtubule Targeting to Adhesion 
Sites. Mol. Cancer Ther. 2008, 7 (7), 2080–2089. hĴps://doi.org/10.1158/1535-7163.MCT-08-0156. 

100. Rafiq, N. B. M.; Nishimura, Y.; Plotnikov, S. V.; Thiagarajan, V.; Zhang, Z.; Shi, S.; Natarajan, M.; Viasnoff, 
V.; Kanchanawong, P.; Jones, G. E.; Bershadsky, A. D. A Mechano-Signalling Network Linking 
Microtubules, Myosin IIA Filaments and Integrin-Based Adhesions. Nat. Mater. 2019, 18 (6), 638–649. 
hĴps://doi.org/10.1038/s41563-019-0371-y. 

101. Prahl, L. S.; Bangasser, P. F.; Stopfer, L. E.; Hemmat, M.; White, F. M.; Rosenfeld, S. S.; Odde, D. J. Microtu-
bule-Based Control of Motor-Clutch System Mechanics in Glioma Cell Migration. Cell Reports 2018, 25 (9), 
2591-2604.e8. hĴps://doi.org/10.1016/j.celrep.2018.10.101. 

102. Krylyshkina, O.; Anderson, K. I.; Kaverina, I.; Upmann, I.; Manstein, D. J.; Small, J. V.; Toomre, D. K. Na-
nometer Targeting of Microtubules to Focal Adhesions. JCB 2003, 161 (5), 853–859. 
hĴps://doi.org/10.1083/jcb.200301102. 

103. Bouchet, B. P.; Gough, R. E.; Ammon, Y.-C.; Van De Willige, D.; Post, H.; Jacquemet, G.; Altelaar, A. M.; 
Heck, A. J.; Goult, B. T.; Akhmanova, A. Talin-KANK1 Interaction Controls the Recruitment of Cortical 
Microtubule Stabilizing Complexes to Focal Adhesions. eLife 2016, 5, e18124. 
hĴps://doi.org/10.7554/eLife.18124. 

104. Castle, B. T.; McCubbin, S.; Prahl, L. S.; Bernens, J. N.; Sept, D.; Odde, D. J. Mechanisms of Kinetic Stabiliza-
tion by the Drugs Paclitaxel and Vinblastine. MBoC 2017, 28 (9), 1238–1257. 
hĴps://doi.org/10.1091/mbc.e16-08-0567. 

105. Kwon, M.; Godinho, S. A.; Chandhok, N. S.; Ganem, N. J.; Azioune, A.; Thery, M.; Pellman, D. Mechanisms 
to Suppress Multipolar Divisions in Cancer Cells with Extra Centrosomes. Genes Dev. 2008, 22 (16), 2189–
2203. hĴps://doi.org/10.1101/gad.1700908. 

106. Bates, D.; Eastman, A. Microtubule Destabilising Agents: Far More than Just Antimitotic Anticancer Drugs. 
Brit J Clinical Pharma 2017, 83 (2), 255–268. hĴps://doi.org/10.1111/bcp.13126. 

107. Chen, Y.; Chou, W.-C.; Ding, Y.-M.; Wu, Y.-C. Caffeine Inhibits Migration in Glioma Cells through the 
ROCK-FAK Pathway. Cell Physiol Biochem 2014, 33 (6), 1888–1898. hĴps://doi.org/10.1159/000362966. 

108. Pardi, R. Signal Transduction by Adhesion Receptors. Nature Education 3(9):38. 
109. Kim, Y.-B.; Choi, S.; Choi, M.-C.; Oh, M.-A.; Lee, S.-A.; Cho, M.; Mizuno, K.; Kim, S.-H.; Lee, J. W. Cell 

Adhe-sion-Dependent Cofilin Serine 3 Phosphorylation by the Integrin-Linked Kinase·c-Src Complex. JBC 
2008, 283 (15), 10089–10096. hĴps://doi.org/10.1074/jbc.M708300200. 

110. Beri, P.; Popravko, A.; Yeoman, B.; Kumar, A.; Chen, K.; Hodzic, E.; Chiang, A.; Banisadr, A.; Placone, J. K.; 
Carter, H.; Fraley, S. I.; Katira, P.; Engler, A. J. Cell Adhesiveness Serves as a Biophysical Marker for Meta-
static Potential. Cancer Res. 2020, 80 (4), 901–911. hĴps://doi.org/10.1158/0008-5472.CAN-19-1794. 

111. Leguay, K.; Decelle, B.; Elkholi, I. E.; Bouvier, M.; Côté, J.-F.; Carréno, S. Interphase Microtubule 
Disassembly Is a Signaling Cue That Drives Cell Rounding at Mitotic Entry. JCB 2022, 221 (6), e202109065. 
hĴps://doi.org/10.1083/jcb.202109065. 

112. Solinet, S.; Mahmud, K.; Stewman, S. F.; Ben El Kadhi, K.; Decelle, B.; Talje, L.; Ma, A.; Kwok, B. H.; Carreno, 
S. The Actin-Binding ERM Protein Moesin Binds to and Stabilizes Microtubules at the Cell Cortex. JCB 
2013, 202 (2), 251–260. hĴps://doi.org/10.1083/jcb.201304052. 

113. Fievet, B. T.; Gautreau, A.; Roy, C.; Del Maestro, L.; Mangeat, P.; Louvard, D.; Arpin, M. Phosphoinositide 
Binding and Phosphorylation Act Sequentially in the Activation Mechanism of Ezrin. JCB 2004, 164 (5), 
653–659. hĴps://doi.org/10.1083/jcb.200307032. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2025 doi:10.20944/preprints202501.1700.v1

https://doi.org/10.20944/preprints202501.1700.v1


 39 of 39 

 

114. Tachibana, K.; Haghparast, S. M. A.; Miyake, J. Inhibition of Cell Adhesion by Phosphorylated 
Ezrin/Radixin/Moesin. Cell Adhes.Migr. 2015, 9 (6), 502–512. 
hĴps://doi.org/10.1080/19336918.2015.1113366. 

115. Fukata, M.; Watanabe, T.; Noritake, J.; Nakagawa, M.; Yamaga, M.; Kuroda, S.; Matsuura, Y.; Iwamatsu, A.; 
Perez, F.; Kaibuchi, K. Rac1 and Cdc42 Capture Microtubules through IQGAP1 and CLIP-170. Cell 2002, 
109 (7), 873–885. hĴps://doi.org/10.1016/S0092-8674(02)00800-0. 

116. Michaelson, D.; Abidi, W.; Guardavaccaro, D.; Zhou, M.; Ahearn, I.; Pagano, M.; Philips, M. R. Rac1 Accu-
mulates in the Nucleus during the G2 Phase of the Cell Cycle and Promotes Cell Division. JCB 2008, 181 
(3), 485–496. hĴps://doi.org/10.1083/jcb.200801047. 

117. Stehbens, S. J.; Paszek, M.; Pemble, H.; EĴinger, A.; Gierke, S.; WiĴmann, T. CLASPs Link Fo-cal-Adhesion-
Associated Microtubule Capture to Localized Exocytosis and Adhesion Site Turnover. Nat Cell Biol 2014, 
16 (6), 558–570. hĴps://doi.org/10.1038/ncb2975. 

118. Grill, S. W.; Howard, J.; Schäffer, E.; Stelzer, E. H. K.; Hyman, A. A. The Distribution of Active Force Gener-
ators Controls Mitotic Spindle Position. Science 2003, 301 (5632), 518–521. 
hĴps://doi.org/10.1126/science.1086560. 

119. Ragazzini, G.; Mescola, A.; Corsi, L.; Alessandrini, A. Fabrication of a Low-Cost on-Stage Cell Incubator 
with Full Automation. J. Biol. Educ. 2018 53(2), 165–173. 

120. Di Cerbo, A.; Rubino, V.; Morelli, F.; Ruggiero, G.; Landi, R.; GuideĴi, G.; Canello, S.; Terrazzano, G.; Ales-
sandrini, A. Mechanical Phenotyping of K562 Cells by the MicropipeĴe Aspiration Technique Allows Iden-
tifying Mechanical Changes Induced by Drugs. Sci Rep 2018, 8 (1), 1219. hĴps://doi.org/10.1038/s41598-018-
19563-z. 

121. Hans-Jurgen, B.; Jaschke, Manfred. I Calculation of Thermal Noise in Atomic Force Microscopy. Nanotech-
nology 1995, 6, 1. DOI:10.1088/0957-4484/6/1/001 

122. Alcaraz, J.; Buscemi, L.; Puig-de-Morales, M.; Colchero, J.; Baró, A.; Navajas, D. Correction of Microrheo-
logical Measurements of Soft Samples with Atomic Force Microscopy for the Hydrodynamic Drag on the 
Cantilever. Langmuir 2002, 18 (3), 716–721. hĴps://doi.org/10.1021/la0110850. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2025 doi:10.20944/preprints202501.1700.v1

https://doi.org/10.20944/preprints202501.1700.v1

