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Abstract

Microtubules (MTs) and MT motor proteins form active 3D networks made of unstretchable 

cables with rod-like bending mechanics that provide cells with a dynamically changing structural 

scaffold. In this study, we report an antagonistic mechanical balance within the dynein-kinesin 

microtubular motor system. Dynein activity drives microtubular network inward compaction, 

while isolated activity of kinesins bundles and expands MTs into giant circular bands that 

deform the cell cortex into discoids. Furthermore, we show that dyneins recruit MTs to sites 

of cell adhesion, increasing topographic contact guidance of cells, while kinesins antagonize 

it via retraction of MTs from sites of cell adhesion. Actin-to-microtubules translocation of 

septin-9 enhances kinesins-MTs interactions, outbalances activity of kinesins over dyneins and 

induces discoid architecture of cells. These orthogonal mechanisms of MT network reorganization 

highlight the existence of an intricate mechanical balance between motor activities of kinesins and 

dyneins that controls cell 3D architecture, mechanics, and cell-microenvironment interactions.

Graphical Abstract
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Microtubules (MTs) and MT motors have emerged as key drivers of dynamic changes to 

the cell cytoskeleton, controlling cell chirality,1,2 shape plasticity,3–7 3D architecture,8–11 

motility signaling,12 mechanotransduction,13 and 3D migration (in immune cells).14 

In cooperation with the integrin-based actomyosin adhesion system, MTs serve as a 

mechanosensor that integrates extra- and intracellular mechanical signals on a scale of 

the whole cell.15 Mechanistically, MTs form a cellular network of unstretchable rod-like 

cables that are embedded within sterically confining, laterally re-enforcing actomyosin 
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networks providing cells with a means to resist mechanical deformations16,17 - e.g., in 

cardiac myocytes, MTs that are coaxially integrated into the myofibrillar network act as rod-

like springs which mechanically oppose myofibril contractile shortening.18,19 In other cell 

types, MTs provide scaffolds that mechanically reinforce actively protruding pseudopodia, 

e.g., invadopodia,7,20–22 podosomes,23,24 invasive microtentacles,25,26 or dendritic cell 

protrusions that facilitate cell adhesion and spreading within soft fibrous 3D collagen 

matrices.27,28

At any given point in time, the 3D architecture of an individual cell is, ultimately, a 

result of a dynamic balance between the internal and external structural, biochemical, and 

mechanical signals that are integrated by (at least in part) actomyosin and MT networks. For 

instance, cell body linearization is driven by an actomyosin-dependent inward collapse of 

the MT network into linear MT bundles,10,29 whereas integrin-dependent cell adhesion and 

spreading drives MT unbundling.30–32 Adaptations of cell shape to migration, e.g., dynamic 

interactions between the cell and the extracellular matrix (ECM), also require integration of 

biochemical and biomechanical signals between MTs and actomyosin which enables cells to 

sense, align with, and exhibit guided motility along nanotextured 3D microenvironments.32 

While it is clear that MT and actomyosin networks play a crucial role in the control of 

cell shape and cell-microenvironment interactions, the precise nature of specific interactions 

between MTs and actomyosin, and the manner in which mechanical forces are transmitted 

and balanced between these two networks, remains elusive.

An accumulating body of evidence indicates that MT motor proteins actively control cell 

architecture and mechanics via regulating interactions between MTs and other cellular 

components like actomyosin and organelles as well as with the extracellular matrix (ECM). 

For example, recent findings demonstrate that dynein motors drive and coordinate spatial 

alignment of radially organized MT networks, centering MTOCs at the geometrical or 

mechanical center of the actomyosin network of the cell.33,34 Dyneins also control cell-type-

specific changes in the cell architecture that drive downstream functional adaptations; i.e., 
in neurons, dyneins drive MT sliding and extension along the axonal axis,35–38 while in 

hematopoietic cell lineages, dyneins generate tensile forces in MT networks that surround 

the cell nucleus and ultimately result in the formation of nucleus-compressing 3D MT 

meshworks that favor mechanosensory activation of chromatin towards myeloid (and away 

from lymphoid) differentiation.39 Meanwhile, kinesins demonstrate similar mechanical and 

MT-restructuring effects, but in apparent opposition to the actions of dyneins. For example, 

kinesins have been shown to promote bundling and sliding of antiparallel, “telescopic” 

MT filaments that manifests as “looping” at the level of individual filaments40 and 

drives global reorganization of MTs at the level of the whole cell.41 These individual 

findings highlight the involvement of both kinesin and dynein motors in the control of 

cell structure and shape. However, very few studies, if any, have probed how or whether 

the synergy or antagonistic actions of both motors in tandem drive changes in cell shape, 

mechanics, or cell-microenvironment interactions, presumably due to challenges associated 

with cytotoxicity and the general lack of motor-specific inhibitors to study mesoscopic 

(whole cell) scale effects of kinesin and dynein balance.
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Previous studies have linked dynamics of actomyosin and MT networks to large-scale 

changes in cell structure9,42 using MT networks of enucleated mammalian platelets that have 

MTs organized into parallel, 2–4 μm ring-like structures known as marginal bands.43 During 

platelet activation, the action of dynein drives band expansion into the actomyosin platelet 

cortex,9,44 resulting in displacement of tension into the cortex, platelet discoid deformation, 

and eventually a disc-to-sphere transition.8,45 Thus, the 3D structure of platelets is 

dependent upon a delicate, mechanistic balance between antagonistic dynein-based MT 

forces and actomyosin-based tension within the platelet cortex that can be dynamically 

shifted via modulating dynein activity or that of other motors like myosins.8,9,45 As 

the direct mechanical antagonist of dyneins, kinesins oppose and prevent dynein-driven 

marginal bands overextension,44 likely via cross-linking/bundling MTs in the opposite 

direction of dynein-dependent MT antiparallel sliding.9,42 However, the exact mechanism 

of how marginal band homeostasis is maintained by the opposing actions of dynein-kinesin 

remains unresolved; i.e., whether the dyneins and kinesins drive marginal band rings 

extension-compression balance via the indirect MT-actomyosin-MT9 or the direct MT-MT 

filaments cross-linking and sliding.42 Moreover, the exact roles and mechanisms for dyneins 

and kinesins during platelets’ marginal band structural condensation around a singular 

multi-coiled MT,43 remain unknown.

Despite the significant progress in understanding of isolated effects for MT motor proteins 

on the organization of MT network and MT-actomyosin interaction, the importance and 

extent of mechanical antagonism between dyneins and kinesins at the mesoscopic whole cell 

level, e.g., for a cell with a regular size and unreduced structural complexity, remain elusive. 

It is also unclear which role the balance between kinesin and dynein motors activities 

plays in the cellular mechanobiology and cell-microenvironment interactions, e.g., structural 

adaptation and migration responsiveness to the microenvironment cues.

RESULTS AND DISCUSSION

Inhibition of dyneins and myosins induces giant microtubular rings

We examine the morphological response of MDA-MB-231 triple negative human breast 

adenocarcinoma cells following inhibition of dyneins and myosins. MDA-MB-231 cells 

are triple negative breast cancer cells and are chosen as our principal cell model due to 

our clinical interest in both (i) the role of microtubules and microtubular motors in the 

mesenchymal mode of cell migration and also in (ii) the microenvironment-directed contact 

guidance of cancer cells, one of the primary drivers of metastatic dissemination in triple 

negative breast cancer.32,46,47

For efficient and acute dynein inhibition we utilize Dynapyrazole A (80 μM, 1 hour, 

unless otherwise noted). Dynapyrazole A is a Ciliobrevin-derived inhibitor, which displays 

substantially higher stability and dynein-inhibition efficacy than that of Ciliobrevins.48 

Similarly, we utilize a high dose of (−)-Blebbistatin (100 μM, 1 hour) for acute suppression 

of actomyosin contractility.9,32

To capture the in-tissue complexity of cell adhesion faithfully, yet uniformly across large 

cell populations, we use an isotropic rectangular grid of collagen-1 “fibers” that support 
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fibrillar cell spreading11 (Figure 1a). Collagen type-1, a major cell adhesion ligand in the 

ECM of physiological tissues, is organized into orthogonal sets of 1 μm-wide parallel lanes, 

spaced with 15 μm-wide pitch to mimic collagen “fibers”. Micropatterned collagen grids 

prevent the excessive formation of the 2D lamellipodium.11,49 Abnormal 2D lamellipodium 

dominates cell adhesion and spreading scenarios on regular flat substrates, while 1D “fiber” 

architecture induces a more natural quasi-3D modality of cell-ECM interactions.49 In order 

to closely recapitulate the average tissue mechanical rigidity, we micro-print the collagen 

ECM grids on polyacrylamide hydrogel surfaces with a mechanical rigidity of G’=50 

kPa.50,51

Within two hours, in control conditions (+DMSO), spreading cells acquire concave 

polygonal shapes with stress-fibers accumulating at the arching cell edges (Figure 1a, SI1, 

+DMSO). In this scenario, we observe a geometric configuration of adhesions, which 

presumably serves to induce high linear tension along free cell edges.11,52 Suppression 

of actomyosin contractility with Blebbistatin results in polygonal cell shape collapse and 

‘dendritic’-like cell spreading with cell protrusions growing along the collagen-1 grids 

(Figure 1a, SI1, +Blebbistatin), reflecting Arp2/3-driven low-contractility or ‘fluid-like’ 

cell spreading, reported for 2D/3D ECM.11,27,28 Dynein inhibition with Dynapyrazole A 

induces global reorganization of the MT network into MT bundles with various stages of 

maturity for ~70% of of total cell population and include a subset of circularized MT 

bundles (rings) in ~50% of all cells (n=80) (Figure 1a, SI1, Dynapyrazole A). Combined 

inhibition of dyneins and myosins drives substantially more prominent and uniform bundling 

of MTs across the entire cell population, resulting in the loss of cell spreading and MT 

reorganization into well-pronounced, 3D circular ring-like bundles (diameter ø≈20 μm) 

that are located around the cell peripheral circumference and deform the cell into the 

discoids (Figure 1a, SI1, +Blebbistatin+Dynapyrazole A), observed in ~65% of total cell 

population (n=100). Notably, no cells with detectable MT rings are observed in +DMSO and 

+Blebbistatin treatment conditions (Figure 1a, SI1).

The analysis of 3D projections (X0Y, X0Z, Y0Z) for Blebbistatin+Dynapyrazole A-

treatment (Figure 1b,c, SI2) indicates that MT rings induce deformation of cells into 

lenticular discoids (ø≈20–25 μm). This cell shape is indicative of an active deformation 

of the cell cortex from within the cell volume by mechanically expanding MT rings. 

Notably, Dynapyrazole A-induced discoid deformation is synergistically favored by the 

Blebbistatin co-treatment, suggesting that contractility of actomyosin within the cortex 

mechanically antagonises cell shape plasticity, and highlighting a relationship between 

F-actin cortex structural cross-linking and MT network pliability.53,54 Furthermore, an 

F-actin cytoskeleton lacking the contractile influence of myosin II would allow for both 

higher F-actin cortex viscous compliance and deformability - meanwhile, the structural and 

mechanical integrity of F-actin-microtubular networks as a single system would still be 

maintained via their dynein-dependent interlinking,33,55 and via steric interactions.16 Given 

the above, our interpretation is that an increase in F-actin network structural compliance 

in Blebbistatin is a predominant factor contributing towards the increased efficiency of MT 

spatial reorganization and rings formation in comparison to when cells are solely exposed to 

Dynapyrazole A.
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The cell discoids are structurally reminiscent of significantly smaller (ø≈3 μm) MT marginal 

bands (MB) in highly specialized, enucleated, structural complexity-reduced mammalian 

platelets,42 and in non-mammalian red blood cells.4 However, these structures were not 

previously reported for mesenchymal cells, e.g., for large cells with unreduced structural 

complexity. Dynamics of MT ring formation in +Dynapyrazole A+Blebbistatin shows that 

MTs, which are normally distributed roughly equally throughout the cell volume, translocate 

and re-distribute almost entirely into the cortex, indicating the active spatial expansion 

of MT network (Figure 1d, Movies 1 and 2). Spatial expansion of MTs results in their 

spherical buckling into the MT ring, caused by the confining boundaries of the cell cortex 

(Figure 1c). This phenomenon, largely similar, but not fully identical to the MB formation 

in much smaller mammalian platelets,8,45 appears to highlight a mechanical antagonism that 

exists between the expanding MT ring and the cell cortex. Thus, we conclude that the cell 

lenticular discoid deformation during +Dynapyrazole A+Blebbistatin co-treatment is the 

result of MT circular band extension into a relatively compliant cell cortex. Interestingly, 

MT band extension into a more contractile and rigid cell cortex leads to the persistence of 

the cell spheroid shape, accompanied with MT ring buckling.56

We observe that micropatterned collagen type-1 grids are more favorable for the MT 

rings formation and cell discoid deformation, as the excessive lamellipodium-driven cell 

spreading and flattening on the preliminary tested solid uncoated surfaces (used for super-

resolution imaging) and collagen-coated surfaces (not shown) significantly slows down and 

effectively prevents structural reorganization of the MT network. These results suggest that 

the subcellular mechanisms that underpin cell adhesion and spreading processes interfere 

with and/or inhibit the formation of prominent MT ring, as the detachment of fully 

spread and flattened cells in response to the +Dynapyrazole A+Blebbistatin treatment 

is not effective (within the duration of the experiment) and is possibly hindered by the 

numerous nascent adhesions that, unlike mature focal adhesions, do not require robust cell 

contractility. Our general observations also indicate that the MT ring-like reorganization can 

occur in the spheroid cells prior to their spreading. However, it is important to highlight that 

MT ring formation is an extreme form of the MT cytoskeleton reorganization in response 

to the acute motor activity perturbations with high drug doses, and that the absence of 

MT rings within a particular cell does not preclude the universality of the MT motor 

counterbalance mechanisms that we propose within this manuscript.

Notably, the positioning of the MTOCs within the cell volume is largely affected 

by suppression of dynein (Figure 1d, arrows, SI3a,b). I.e., during +Dynapyrazole 
A±Blebbistatin treatments the MTOC displays a loss of its canonical position at the center 

of the microtubular radial arrays, with the latter being drastically reorganized into the MT 

rings (SI3). Indeed, the MT radial array formation in cells does not always mandate MTOCs 

as the primary nucleators of the radially organized microtubular filaments, but instead 

requires dyneins as the MT crosslinkers and MT-sliding motors for MTOC-independent 

self-organization.57–59 Thus, a more general mechanism for MT self-organization highlights 

microtubules’ minus- or plus-ends collective spatial convergence, driven by the dominance 

of either MT minus- or plus-end-directed motor processivity.57–61 Currently, it is assumed 

that in certain cases MTOCs are the secondary structures at the centers of the MT radial 
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arrays, and are being transported to the self-organized MT array foci by the motors, 

e.g. - dyneins.62,63 Our results are consistent with these findings and confirm that global 

microtubular network reorganization, driven by perturbations in MT motor balance, can also 

lead to both (i) the displacement of the MTOC from the canonical MT array foci, and (ii) the 

structural detachment of the MTOC from the dominant MT network structures.

The robust trend of MT network reorganization into 3D MT rings during +Dynapyrazole 
A+Blebbistatin treatments is reversible - i.e., after the clear MT network translocation 

from the cell volume to the cell periphery, where MTs appear to condense into MT rings, 

the substitution of the +Dynapyrazole A+Blebbistatin incubation medium with freshly 

preheated (37°C) and CO2-preincubated cell culture medium lacking inhibitors (washout) 

reverses inhibitor-dependent suppression of MDA-MB-231 cell spreading and also results 

in the rapid disassembly of MT rings; cells subsequently re-acquire their spread polygonal 

architectures on the collagen type-1 grids (Figure SI4, Movie 3). Thus, we conclude that cell 

3D shape and gross MT network organization is governed at least in part by dynein-kinesin 

mechanical counterbalance, and myosin activity status, and that this counterbalance is a 

reversible, dynamically adjustable mechanism that can be utilized for regulation of the key 

aspects of cell behavior, such as changing the MT network 3D architecture, cell structure, 

and tuning the key aspects of cell mechanobiology.

Balance of dynein and kinesin activities controls structure of microtubule network

We show that MDA-MB-231 cells develop giant MT rings in response to the suppression 

of dynein activity, while the formation of MT marginal bands in mammalian platelets, 

on the contrary, requires active dyneins, yet inactive kinesins.9 We hypothesize that the 

reorganization of the isotropic MT network into circular bundles is likely driven by the 

disbalance of dynein and kinesin motor activities in either direction (Figure 2a-1). In this 

model, the action of dyneins and kinesins together creates an expansion-compaction balance 

of the MT network within the cell volume, as well as MT protrusion-retraction balance 

within cell adhesion sites (Figure 2a-1). Isolated activity of kinesins (e.g., +Dynapyrazole 
A) leads to both MT network expansion and kinesin-driven retraction of MTs from cell 

adhesion sites (Figure 2a-2, SI5). Therefore, physical expansion of the MT network and 

retraction of MT filaments from peripheral adhesions each results from kinesin sliding along 

the MT filaments towards MT plus-ends, that, if uncompensated for by the opposing dynein-

dependent MT sliding towards minus-ends, leads to a progressing, antiparallel telescopic 

extension of MT filaments, as well as to the ejection of MTs by kinesin from the adhesion 

sites (Figure 2a-2, SI5b).

Notably, dyneins64 and kinesins65–67,68 each can crosslink and linearize MT networks into 

antiparallel bundles.40 These bundles are additionally enhanced through interaction with 

the actomyosin cytoskeleton, which serves in the mechanical transmission of dynein-driven 

forces between adjacent MT filaments.69 Our basic idea of mechanical antagonism between 

dyneins and kinesins is that these motors exhibit individual and combined structuring effects 

onto the bundling and unbundling of MT networks (Figure 2b). In the antiparallel MT 

bundles, the combined activity of dyneins and kinesins will lead to an MT sliding-in and 

sliding-out directionality conflict, consequent buckling of MTs which is followed by MT 
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isotropic disarray,70,71 MT network unbundling and spatial misalignment (Figure 2b-1). 

Alternatively, in parallel (unidirectionally-oriented) MT bundles, the principal lack of the 

antiparallel MT sliding activity will lead to low levels of MT reorganization and bundling 

dynamics for both dynein and kinesin motors. Thus, we neglect the contribution of the MT 

motor activity within the parallel MT bundles. Importantly, shifting the balance of dynein 

and kinesin motor activity via dominance of either motor enhances MT bundling due to 

directionally coherent sliding of MTs, and due to a decrease of the MT sliding directionality 

conflict, as demonstrated on the example of kinesin-wise balance shift (Figure 2b-2), driving 

reorganization of the isotropic MT network into the single bundled structure (Figure 1a, SI1: 

+Dynapyrazole A and +Blebbistatin+Dynapyrazole A, Figure 1b and SI2). Since there is 

no technically reliable method for a detectable kinesin inhibition in non-platelet cells, the 

reorganization of MTs due to shifting the dynein-kinesin balance towards dynein is depicted 

only hypothetically (Figure 2d).

The model of transition between isotropic and anisotropic MT networks fundamentally 

depends on the reorganization of cargo-coupled kinesin and dynein motors. For dynein 

motor-mediated MT-to-MT bundling and sliding activities, we consider two most relevant, 

common and abundant cargoes that are shared between dynein molecules positioned on 

the adjacent microtubules to act as their dynamic crosslinker: (1) the other adjacently 

localized microtubules,64 and (2) F-actin, i.e., the actomyosin network that demonstrates 

a strong mechanical and structural linkage to the microtubules via the dynein-dynactin 

complex.33,34,55,72 Thus, in our model, F-actin and MT networks are the most abundant 

partners of the microtubules-dynein system that play the role of structural integrators 

- universally shared cargo between multiple dyneins, facilitating a universal medium 

for structural linking and transduction of dynein-generated mechanical forces between 

multiple adjacent microtubules. Similarly, kinesin remodels the microtubular architecture 

via its ability to slide microtubules along each other en masse and independently from 

the actomyosin network.41 I.e., in the kinesin-driven MT network reorganization the 

microtubules participate as both the cargo of kinesins, and as the actual trafficking tracks of 

kinesin cargos. In this scenario, kinesin effectively acts as a direct unmediated microtubules 

crosslinker,65 resulting in kinesin-driven MT bundling and sliding via their dual cargo-track 

role that orchestrates the formation of the elongating/expanding microtubular bundles and 

rings.

Based on the proposed model, we explain the formation of giant MT rings (a) and cell 

discoids (b) in Dynapyrazole A (±Blebbistatin) by the inhibition of dyneins and significant 

outbalance towards the kinesin-driven effects. These effects, such as MT bundling, extension 

of MT bundles and their expansion into the cell cortex, result in the formation of the giant 

MT rings. These rings generate outward-directed forces sufficient for discoid deformation 

of the low-contractility actomyosin cell cortex during experiments with +Dynapyrazole 
A+Blebbistatin co-treatment (Figure 1a–c: +Dynapyrazole A+Blebbistatin; Figure 2d). 

Experimental characterization of the kinesin-driven expansion of MT networks into 

the MT rings during +Dynapyrazole A+Blebbistatin co-treatment demonstrates discoid 

deformation and identifies robust accumulation of total kinesins within the MT rings (Figure 
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3a, SI6), along with substantial MT ring diameter ø dominance over the cells transverse 

width (Figure 3b, SI6a,b).

In addition, we show that MT ring formation and discoid cell deformation can be induced 

across multiple cell types, e.g., in the MDA-MB-231 cells and in primary mesenchymal 

cells such as mouse embryonic fibroblasts (MEFs) (Figure SI7 and SI8). All tested cell 

types feature significantly larger scale and structural complexity compared to previously 

reported mammalian platelets (Figure 2d). Whether this phenomenon is universal across a 

wider range of large mammalian cells of unreduced complexity remains a subject of further 

investigation; however, favoring universality is the ubiquitous nature of the phenomena’s 

constituent components (MTs, MT motors, actin, myosin) and the relevant key dynamic 

properties that are maintained across a great number of mammalian cell types.

Control of cell-ECM adhesion and spreading by dynein-kinesin balance

We next proceed to examine the effect of the superposition of dynein and kinesin motor 

activities on cell adhesion and spreading on collagen ECMs. To do so, we modulate 

the dynein-kinesin balance via two alternative strategies: (a) kinesin-1 overactivation with 

Kinesore40 and (b) kinesin-wise shift via Dynapyrazole A-induced dynein suppression. 

We decided to focus on kinesin-1 as one the most conventional and abundant members 

of the kinesins family among protozoa, fungi and animals.73 Notably, Kinesore-driven 

kinesin-1 overactivation (50 μM, 1 hour) enhances polygonal cell spreading along 

orthogonal collagen-1 lines compared to the controls (Figure 3c, +DMSO vs. +Kinesore). 
Alternatively, kinesin-wise balance shift via Dynapyrazole A-induced dynein inhibition 

leads to dendritization and poor polygonal spreading (Figure 1a and Figure 3c, +DMSO 
vs. +Dynapyrazole A). Dendritization is analogous to the low cell contractility spreading 

mode seen during Blebbistatin treatment (Figure 1a, SI1, +Blebbistatin). We attribute these 

differences to the dynein activity status - i.e., MT network contraction-expansion balance is 

controlled by the dynein-kinesin mechanical balance (Figure 3d, SI9a). However, dyneins 

facilitate mechanical cross-linking and mechanotransduction of the forces within the MT 

network (SI9a) and the actomyosin cytoskeleton33,35,70,74–77 (Figure 3d). Thus, suppression 

of dyneins with Dynapyrazole A reduces both the MT network contractility (SI9b) and the 

MT-actomyosin mechanotransduction leading to the partial loss of the overall cell-ECM 

contractility and impaired cell spreading. Therefore, we propose that a mechanical synergy 

between actomyosin and MT-dynein contractile machineries in the adhesion sites (Figure 

3d, SI9a) facilitates the mechanosensory-stimulated cell adhesion and spreading11 (SI9a-1). 

In this case, Kinesore-induced cell over-spreading (Figure 3c, +Kinesore) is a result of 

the Kinesore-enhanced kinesin, i.e., kinesin-1 activity that expands the MT network, yet 

preserves background contractility of the actomyosin-dynein-MT system, which sustains cell 

adhesion and spreading via mechanosensory stimulation, effectively resulting in maintaining 

of cell adhesion and enhanced cell spreading.

Non-spreading cell behavior, induced by the combination of kinesin over-activity and low 

actomyosin contractility, results in the formation of MT rings and discoid cells (~35% of 

total cell population, n=80) regardless of dynein’s MT-processing activity status (Figure 3e, 

+Kinesore+Blebbistatin, +Dynapyrazole A+Blebbistatin, SI6e–f). These results indicate 
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that MT rings are a structurally ‘self-locked’ system that requires only MT-to-MT filaments 

bundling and mechanical sliding, e.g., by kinesins65–68 (Figure 2a–b, 3). That is, it does 

not require a dynein-mediated mechanical or structural integration with actomyosin for 

MT rings formation, as it does during cell adhesion-spreading on ECM. Furthermore, 

the dispensable role of dynein’s MT-processing activity during the kinesin-driven MT 

ring formation, both in +Kinesore+Blebbistatin and +Dynapyrazole A+Blebbistatin 
conditions, indicates that MT rings are the extreme of kinesin outbalance within the 

existing range of dynein-kinesin mechanical balances, as both treatments induce the dynein-

kinesin MT-sliding balance shift towards the kinesin activity via two principally different 

mechanisms.

Notably, the low-contractility dendritic cell spreading along the collagen type-1 grids 

(Figure 1a, +Blebbistatin; SI1, SI5a) reported for MDA-MB-23132 and MDA-MB-46811 

cells and for MT rings are mutually exclusive (SI5a), since MT ring formation is linked to 

the kinesin-wise motor balance shift that also drives an ejection of the microtubules from the 

dendritic protrusions (SI5b).

Passive MT cross-linking by dyneins facilitates microtubular reorganization and ring 
formation

Dynapyrazole A targets MT-dependent ATPase activity of dyneins and specifically 

suppresses dynein motor MT-processing function, while the dynein-MT binding affinity 

remains intact.48 One implication that follows from Dynapyrazole A-induced block of the 

dynein’s MT processivity is an increased lifetime of dynein-MT interactions, while the 

energy of dynein-MT interactions is likely to remain unchanged, since ATP-dynein docking-

hydrolysis cycle drives dynein-to-MT binding-unbinding and processivity. Non-processive, 

but MT-binding dyneins could act as passive MT crosslinkers, and principally antagonize 

the kinesin-driven MT-MT sliding. Thus, it cannot be ruled out that dynein’s MT-MT 

cross-linking and braking activity may have a significant role in the mechanical expansion of 

MT network and ring formation during +Dynapyrazole or +Dynapyrazole A+Blebbistatin 
treatments. However, during +Dynapyrazole A+Blebbistatin-induced MT rings formation, 

MT rings expand into the cell cortex and display the circumference elongation and force 

generation with a magnitude large enough to deform cell cortex into a discoid shape 

(Figure 3a,b). The strong dynein-mediated passive MT-MT cross-linking into circular 

bundles should principally antagonize expansion of the ring. However, we routinely observe 

that expanding MT rings results in a discoid deformation of cells (discoid aspect ratio 

~1:1.4, Figure 3b) during +Dynapyrazole A+Blebbistatin treatments within 1 hour-long 

experiments (Figure 1a). Thus, we favor the conclusion that passive dynein-mediated cross-

linking of MT filaments is unlikely to serve, or exert great influence, as a decisive factor 

for MT ring formation, i.e., ring coalescence via lateral condensation (or bundling) of 

microtubules.

In addition to direct dynein-mediated MT-MT linkage,64 an alternative and more prominent 

mechanism of F-actin-mediated MT-MT cross-linking occurs via the dynein-F-actin 

molecular adaptor, dynactin, a universally constitutive multi-subunit complex expressed in 

all eukaryotes.55,72,78,79 Dynein-dynactin complexes mechanically and structurally interlink 
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MT and F-actin networks en masse, transmitting dynein-generated forces between individual 

MT filaments via F-actin networks.33 Thus, blocking the processivity of dyneins, if 

combined with retention of dynein’s passive cross-linking to the MTs, should structurally 

trap the MT network within F-actin cortex, effectively preventing the spatial rearrangement 

of MT network into MT rings.

Since neither of the two complementary scenarios discussed above were observed - i.e., ring 

over-cross-linking by dyneins and dynein-dynactin-mediated MT retention in actin cortex 

- we tested an alternative scenario of MT rings formation by Kinesore-induced kinesin-1 

overactivation (+Kinesore+Blebbistatin). Treatment with +Kinesore+Blebbistatin induces 

the formation of expanding MT rings, indicating that the kinesin-mediated MT bundling 

activity and kinesin-driven MT-MT sliding65 could be the principal structural and 

mechanical factors responsible for MT ring formation and its expansion, respectively 

(Figure 3e). Moreover, kinesin activity is the only motor activity preserved across 

+Dynapyrazole A+Blebbistatin and +Kinesore+Blebbistatin treatments, indicating that 

kinesin-1 is the motor which actively drives expansion of MT rings into the cell cortex 

causing discoid cell deformation.

Interestingly, some synthetic biology systems display the similar cytoskeletal filaments 

self-organization into the ringed structures.80,81 We find these reports on synthetic systems 

behaviors to be complementary to our findings, as in both the reported synthetic cells 

(GUV) and in our cell model the filaments bundling into the rings requires an increase 

of the effective cross-linking of the constituent filaments. However, the reported F-actin 

self-organization into the rings within GUVs does not feature a balance of antagonistic 

motor activities and only requires an increase of the direct cross-linking between F-actin 

filaments. On the contrary, live cells form the MT rings and bundles in the context of the 

mechanical antagonism between several competing motor systems that results in the MTs 

bundling-unbundling dynamic balance.

Indeed, Dynapyrazole A inhibits only dynein’s MT-processing function. The effective 

dynein-mediated MT-MT cross-linking in Dynapyrazole A should remain largely 

unchanged. On the other hand, Dynapyrazole A-mediated blockade of dynein processivity is 

experimentally sufficient to induce MT circular bundling (Figures 1a, SI1, +Dynapyrazole 
A). We propose that an increased effective MT bundling into the rings, that is observed 

during +Dynapyrazole A+Blebbistatin and +Kinesore+Blebbistatin treatments, mostly 

arises from the decrease of the active MT unbundling driven by antagonistic activities 

of dynein and kinesin motors. Therefore, and importantly, circular MT bundling occurs 

upon the balance shift in either direction (i.e., towards either dynein- or kinesin-dependent 

influence), and not solely from a direct increase of the MT-MT bundling by one of the 

crosslinkers. We have additionally verified that direct bundling of MTs, either by acute 

pharmacological MT stabilization with Paclitaxel (10 μM, 1 hour) or more physiological-

like overexpression of microtubule-binding domain of ensconsin (EMTB-3xGFP, 48 hours), 

is not sufficient to result in the formation of MT rings (Figure SI10).

Our results indicate that cells form MT bundles and rings in response to both 

+Dynapyrazole A±Blebbistatin or +Kinesore±Blebbistatin treatments. Thus, a selective 
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suppression (+Dynapyrazole A±Blebbistatin) or overactivation (+Kinesore±Blebbistatin) 

of one microtubule motor subsystem increases the effective MT bundling. During this 

activity shift, MT bundling can outcompete MT unbundling normally supported by 

simultaneous dynein64 and kinesin (e.g. - kinesin-1)41,65 MT direct cross-linking and 

conflicting sliding activities coexisting within an entangled network of MTs (Figure 2b). 

Thus, intriguingly, our results demonstrate that the increase of the effective degree of 

microtubule cross-linking can be achieved not only by the direct increase of cross-linking 

molecules, e.g., by overexpression, but also via dynamic suppression of the mechanical 

antagonism between the conflicting MT motor subsystems that can occur upon dynein-

kinesin balance shift in either direction.

In order to directly evaluate the contribution of the dynein-based MT-MT passive cross-

linking into circular bundling of microtubules, we utilized an alternative dynein inhibitor 

Dynarrestin. As opposed to Dynapyrazole A, Dynarrestin suppresses dynein-to-MT binding 

affinity,82 and prevents passive MT-MT cross-linking via non-processive dyneins. The result 

of +Dynarrestin+Blebbistatin treatment shows that suppression of the dynein-based MT 

bundling does not, in principle, prevent the MT ring formation (Figure SI11) as cells 

display a similar reorganization of MT network into the rings, although with a much 

lower efficiency (~8% of total cell population, n=100) compared to the more prominent 

effects of +Dynapyrazole A+Blebbistatin treatment (~65% of total cell population, n=100). 

Intriguingly, in addition to a lower frequency the +Dynarrestin+Blebbistatin-induced MT 

rings on average demonstrate a poorer lateral condensation of individual MT bundles into 

rings in comparison to MT rings resulting from +Dynapyrazole A+Blebbistatin treatments. 

This result confirms a lower MT bundling upon Dynarrestin treatment and indicates a 

potential role for the dynein-based passive MT cross-linking activity in condensation of MT 

bundles into rings.

The direct comparison of +Dynarrestin+Blebbistatin and +Dynapyrazole A+Blebbistatin 
co-treatments highlights the importance of the dynein-MT binding affinity and passive 

MT-MT cross-linking for the MT bundling and ring formation. Key studies demonstrate 

that a motor balance shift towards either kinesin60 or dynein57,58,83,84 that is strong 

enough to render the opposing motor’s contribution as negligible leads to the microtubular 

reorganization into the radial star-like arrays, but not into the rings. Indeed, unidirectional 

sliding of MT motors towards either minus- or plus-ends along multiple microtubules leads 

to the collective microtubule motors-driven spatial convergence of the relevant MT ends at 

the single focus. Each motor (complex of motors) slides coupled microtubules along each 

other until their respective ends meet, inducing their clustering and formation of radial star-

like MT arrays. A passive cross-linking would be important for preventing the collapse of 

microtubule networks into the radial single focus structures. Indeed, during +Dynapyrazole 
A+Blebbistatin and +Kinesore+Blebbistatin treatments, MT-binding activity of dynein is 

not directly affected, and cells in both treatments display a robust MT reorganization into 

the expanding rings. On the contrary, +Dynarrestin+Blebbistatin treated cells display a 

reduced efficiency of the MT reorganization. The majority of rings display a reduced lateral 

condensation. Because +Dynarrestin+Blebbistatin treatment drives the formation of the 

MT rings in ~8% of cell population, we conclude that, along with dyneins, MTs in live 

Zhovmer et al. Page 12

ACS Nano. Author manuscript; available in PMC 2022 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells are crosslinked by a multitude of other proteins, e.g. - MAPs85 and Tau86,87 (and many 

others), that likely contribute, at least in part, to the MT reorganization into the rings. We 

concede that this interpretation would implicate the phenotype of circular MT reorganization 

as, potentially, cell-type specific, separating the phenomenology of MT ring formation in our 

system apart from the structurally reduced synthetic systems.

We conclude that the balance shift between antagonistic MT motor subsystems is the 

leading factor for the circular MT condensation and expansion of MT rings. We propose 

that a substantial motor disbalance, towards either of the motor subsystems, diminishes 

antagonistic motor-driven MT unbundling, which can increase effective MT-MT bundling 

during an acute experiment without increase in the expression of MT crosslinkers. We 

also propose that passive MT-MT cross-linking and braking of MT sliding are critical for 

preventing structural MT network collapse, e.g., into the radial star-like arrays.

Septins blockade stabilizes microtubules and activates kinesin-1-driven MT ring formation

Septins are non-polar filament-forming GTPase proteins that serve as important cytoskeletal 

components regulating dynamics, structure and mechanics of plasma membrane, F-actin 

and microtubules.88 Key studies indicate that in mammalian cells septin-7 and septin-9 

regulate microtubules stability, and consequently can control MT architecture via MT 

modification-mediated modulation of the MT motor activities. Namely, active septin-7 

sustains HDAC6-driven MT deacetylation,89 while also preventing MAP4 from interaction 

with microtubules.90 Thus, a blockade of septin-7 leads to MT stabilization via redundantly 

duplicated pathways, i.e., through MAP4-MT adsorption and an increase of MT acetylation 

(Figure 4a). Direct interaction between septin-9 and microtubules stabilizes91 and 

crosslinks92 microtubular networks. Notably, although septin-9 stabilizes microtubules, it 

also protects microtubular dynamics from a complete ‘freeze’ by overstabilization with 

taxanes.93

For effective and abrupt septins blockade we chose UR214–9 (Figure 4a–b, SI12a). It 

is an efficient low-molecular weight cell permeable non-cytotoxic mammalian septins 

inhibitor.94,95 UR214–9 was recently derived from the yeast septin inhibitor forchlorfenuron 

(FCF),96 with latter being not suitable for the complete and acute inhibition of mammalian 

septins due to its high cytotoxicity in high concentrations.

We demonstrate that UR214–9 can effectively inhibit all key septin isoforms, as we show 

by calculating UR214–9 key septins inhibition efficiency via in silico modeling of UR214–9 

docking to septin-2, septin-7 and septin-9, and comparing of its corresponding docking 

energies to the septins interactions energies with GTP and FCF (SI12b and c). The 

computational in silico modeling data clearly indicates that UR214–9 is nearly equally 

effective at competition with GTP docking to septin-2, septin-7 and septin-9, and is clearly 

more effective than FCF.

UR214–9 treatment leads to disintegration of the septin filaments,97 as confirmed by 

the tests on MDA-MB-231 cells (SI12c). I.e., UR214–9 (40 μM, 2 hours) clearly 

induces septin-9 translocation from stress-fibers onto the MT network in MDA-MB-231 

cells (SI12c). Notably, in well-spread cells that were allowed to develop the polygonal 
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architecture prior to the UR214–9 treatments the septins (e.g. - septin-9) accumulates 

preferentially at the peripheral free cell edge stress-fibers that feature the highest mechanical 

stress.52 Septin-9 translocation onto MT filaments upon adding of UR214–9 leads to MT 

reorganization into the buckles and rings of the subcellular size 2–5 μm rings (SI12c) in 

~85–95% of total cell population, n=150.

Adding UR214–9 to the MDA-MB-231 cells prior to their full spreading leads to the 

more complete MTs reorganization into the cell-sized MT rings (Figure 4b). Thus, for 

cells attached directly to the uncoated glass (for the purpose of super-resolution imaging), 

rings were formed in ~10–15% of total cell population, n=100 (estimates are made by 

visual examination), compared to ~5–7% of total cell population, n=75, +Dynapyrazole 
A±Blebbistatin (estimates are made by visual examination), and ~3–4% of total cell 

population, n=75, +Kinesore+Blebbistatin (estimates are made by visual examination). 

We attribute the quantitative differences to the nature of the substrates used in various 

experiments. Examined rings are structurally similar to the rings induced by +Dynapyrazole 
A±Blebbistatin (Figure 1a) and +Kinesore+Blebbistatin (Figure 3e) treatments.

Indeed, MT stabilization via septin-7-HDAC6 signaling axis89 can directly contribute to 

the MT bundling and sliding via enhanced kinesin-1-to-MT binding affinity, and enhanced 

kinesin-1 MT processivity.98,99 On the other hand, UR214–9-induced disintegration of 

the septin filaments leads to the release of monomeric septin-9, with its consequent 

accumulation on the microtubules, which also contributes to the stabilization of the MT, 

without freezing of their polymerization dynamics.93 Importantly, septin-9 deposition 

on microtubules additionally crosslinks the MT network, contributing to their bundling. 

Intriguingly, we show that septin-9-enriched MT filaments are also enriched with F-actin 

(SI12c, +UR214–9), indicating septin-9’s potential role as an MT-F-actin adaptor that can 

increase the MT cross-linking via numerous F-actin-related crosslinkers. However, our data 

on the well-spread polygonal MDA-MB-231 cells indicate that the MT bundling is not 

dictated by mere passive cross-linking of the stabilized MTs, as passively cross-linking MT 

bundles are usually formed throughout the entire cell volume, condensing at the cell’s 

spatial boundaries (cortex), while UR214–9 induced small actively formed subcellular 

MT rings that condense upon MT circular buckling, routinely observed during kinesin-1 

overactivation.40

UR214–9 treatment is able to induce MT network bundling-expansion into the MT rings 

via the septin-9 and septin-7-kinesin-1 signaling axis (SI12b) and UR214–9 treated cells 

do not show signs of dynein suppression, as MT networks maintain their radial array 

architectures (SI12c). Thus, it serves as an orthogonal strategy to confirm that the outbalance 

of kinesins over dyneins is a sufficient requirement for the MT network bundling and 

expansion. UR214–9-induced MT rings show that kinesin mechanical outbalance can induce 

rings regardless of the particular, and often redundant, molecular pathway affected (SI13b 
and SI14b). The advantage of this approach is that UR214–9 allows alternative stimulation 

of kinesin-1 via MT modifications, e.g., regardless of the preexisting background cellular 

activity of kinesins and dyneins (SI9b and SI13b,c).
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Cell mechanics is controlled by dynein-kinesin balance

We summarize the described above mechanistic findings into a cell mechanical model 

that predicts kinesin-driven cell rigidification upon kinesin-wise dynein-kinesin balance 

shift, followed by the MT network expansion (Figure 1d, Movies 1 and 2). I.e., the 

MT network mechanically expands into the cell cortex, providing the cortex with the 

additional, outward-directed force-generating MT scaffold (Figure 2a–3, SI5b). This model-

based prediction is strongly supported by cell discoid deformation with the expanding 

MT ring into the relaxed actomyosin cell cortex in Blebbistatin (Figure 3a–b, SI6a–b). 

We test the predicted kinesin-wise outbalance-induced cell rigidification with atomic force 

microscopy (AFM) live cell probing (Figure 4c). Indeed, we identify a significant cell 

rigidification (described by increase in surface cortical tension) across all three methods of 

the kinesin-wise MT motors balance shift. I.e., both +Dynapyrazole A, +Kinesore, and 

+UR214–9 treatments unanimously induce the MDA-MB-231 cells rigidification (Figure 

4c, SI9b). Their combinations with Blebbistatin reduce AFM rigidity readout to a lower 

level, due to actomyosin cortex relaxation (a) and MT network collapse into the spatially 

anisotropic ring (b), which is largely unavailable for AFM cantilever probing (Figure 4c). 

Thus, indeed all alternative and orthogonal methods of kinesin-wise MT motors balance 

shift induce MT scaffold structural expansion, mechanistically and structurally proving the 

existing dynein-kinesin mechanical balance that orchestrates MT network architecture and 

cell mechanics (Figure 4d, SI9b). Perhaps surprisingly, UR214–9-induced septin inhibition 

and its clear translocation from the contractile actomyosin (e.g. - stress-fibers, SI12c) still 

leads to the cell rigidification via mechanically active predominantly kinesin-1-driven MT 

network expansion, despite the loss of the septin-dependent actomyosin network integrity 

and contractility due to the loss of septins’ F-actin-stabilizing activity100 from UR214–9.

The universal character of changes in cell structural organization and its resulting 

mechanics, induced by three alternative mechanisms of dynein-kinesin activities balance 

shift (Figure 4c, SI9b) also extends into the universality of described MT networks structural 

reorganization in various cell types. I.e., UR214–9-induced MT bundling-expansion into MT 

rings are observed not only in the principal MDA-MB-231 cell model (Figure 4e, ~15%), 

but appear to be universal for otherwise dissimilar cell types, such as COS-7 (~20% of cell 

population, 2 hours of UR214–9 incubation period) and DO-11–10 murine T cells (~15% of 

cell population, 2 hours of UR214–9 incubation period) (Figure 4f), highlighting the basic 

and universal importance of septins-MT-motor proteins signaling axis. Thus, the MT-motor 

proteins’ rebalancing effects are fundamental to cell mechanobiology regulation principles.

Dynein-kinesin balance controls 2D contact- and “2.5D” steric-cell guidance

Dynein motors regulate structural coherence between MT and actomyosin networks.33,36,101 

On the other hand, MT network mechanically (sterically) scaffolds cellular contact guidance 

on nanotextures.32 Therefore, we hypothesize that tunable coupling of MTs and actomyosin 

within the cell adhesion sites by balancing dynein-kinesin motor activity may play a 

significant role in cellular contact guidance at the adhesion sites (Figure 2a). According 

to this model, the sole kinesin-driven MT network ‘self-locking’ into the MT ring and 

MT retraction from actomyosin cell adhesion interface can be in direct competition with 

the dyneins that facilitate mechano-structural integration of MT filaments into the cell 
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actomyosin adhesion system,33 and away from the giant MT rings structures (Figure 2a). 

Notably, this model is complementary to the previously reported indispensable scaffolding 

role of MT networks for cell adhesion and spreading20 by supporting low-contractility 

dendritic cell protrusions.11,27,28

We propose that dynein activity facilitates the integration of MT filaments as the contact 

guidance scaffold into the cell adhesion and into spreading actomyosin protrusions (Figure 

5a, +DMSO). This activity of dyneins competes with antagonistic kinesin activity (Figure 

5b-1), rendering dyneins as the key MT motor subsystem that controls cellular contact 

guidance via mechanical coupling of MTs and actomyosin, and by pulling MT filaments into 

the nano-grooves as the cell spreading-elongation-directing scaffold. Indeed, Blebbistatin-

induced suppression of actomyosin contractility does not affect cell contact guidance 

elongation along the nanotexture, as the MTs in-groove alignment remains intact (Figure 5a, 

c, +DMSO vs. +Blebbistatin). On the contrary, Dynapyrazole A-induced dynein inhibition 

completely abrogates insertion and elongation of MTs into and along nano-grooves on 

collagen-1 nanotextures, which is accompanied by the complete loss of cell alignment to 

the contact guidance cues of nanotextures (Figure 5a and 5c, +DMSO vs. +Dynapyrazole 
A). Additionally, kinesin activity outbalance induced by UR214–9 leads to identical results, 

such as the loss of contact guidance and formation of planar MT rings that are unaligned 

with underlying nanotextures (Figure 5a and 5c, +DMSO vs. +UR214–9). Instead, MT 

network reorganizes into the ‘self-locked’ bundled configurations with uncompensated 

kinesin activity that also retracts and expels the MTs from the actomyosin cytoskeleton 

in cell adhesion sites (Figure 5b-2). In summary, dynein-kinesin balance controls cellular 

contact guidance in a sterically interactive microenvironment by recruitment of MTs to the 

sites of cell adhesion.

Thus, mechanically and structurally antagonistic effects of dyneins and kinesins onto 

MT network as the cell scaffold are emerging as an additional and important cell 

mechanobiological system that requires a deeper insight. The inherent integration of the MT-

actomyosin systems together via their motor proteins’ synergy appears as another dimension 

of the fundamental principles that regulate cell-microenvironment mechanical and structural 

integration and should find both theoretical and practical applications in cell biology, cell 

and tissue bioengineering, and medicine.

CONCLUSIONS

Pharmacologically induced MT rings serve as a striking visual indicator of a kinesin-wise 

motor disbalance within microtubule networks. We think that the specific phenomenon of 

MT ring formation in mesenchymal cells likely has only limited biological relevance. In our 

hands, the MT rings are simply an indicator of the most extreme form of a cell response to 

acute MT motors perturbation. However, the dynein-kinesin activity balance shift, that we 

propose within this manuscript to underpin the appearance of this extreme phenotype, may 

represent a key factor of large-scale cell mechanobiology that controls multiple key aspects 

of cell behavior, including adhesion, contact guidance, migration and microenvironment 

mechanosensing.
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Dynein actively crosslinks the microtubules to actomyosin33 (e.g., via the dynactin 

complex55) and generates its own contractile forces.70,74 The loss of dynein activity 

may directly contribute to the partial loss of total cell contractility.38,74,102 Moreover, 

since MTs act as flexible but non-stretchable cables, their mechanical linkage to the 

structurally dynamic actomyosin cytoskeleton may directly contribute to long-distance 

mechanotransduction across the cell and tissues13,74,103 and to the stabilization of cell 3D 

architecture by compensating for structural (viscous) and mechanical energy dissipation 

within the dynamic actomyosin network.

Indeed, our data indicate that Dynapyrazole A-induced dynein suppression leads to 

the dendritization of cells, which is similar to the effect of Blebbistatin-induced 

decrease of actomyosin contractility (Figure 3c),28,104 and indicates a partial loss of 

cell contractility. Alternatively, kinesin-wise balance shift via Kinesore-induced kinesin-1 

overactivation results in a greater cell spreading (Figure 3c), pointing out that dynein-

kinesin balance directly regulates the degree of MT network expansion, and with it the 

cell-microenvironment interaction and cell migratory properties.

Furthermore, dynein-kinesin balance regulates topographic contact guidance of cells. Cell 

alignment to topographically anisotropic surfaces is mechanically and structurally enforced 

by the MT scaffold104 that provides steric interactions between cell microenvironment 

spatial guidance cues and cytoskeleton. Dynein actively pulls the MT towards the adhesion 

interface. On the contrary, kinesin-wise motor balance shift results in MT retraction from 

adhesion sites which is accompanied by the loss of cell contact guidance (Figure 5).

The MT acetylation and MAP4 decoration are innate cell mechanisms for modulating 

the activities of kinesin and dynein motors, as well as microtubular reorganization.98,105 

Septin-991 and Septin-789,90 are reported as the key regulators of microtubule post-

translational modifications that can control dynein-kinesin activity balance via septins’ 

downstream HDAC6 and MAP4 signaling pathways, linking dynein-kinesin balance to 

the state of the microtubular apparatus. Although we did not detect a strong and direct 

implication of microtubular post-translational modifications into acute pharmacologically 

induced dynein-kinesin balance shift, or in the subsequent formation of MT rings (Figures 

SI7 and SI8), the role for changes in post-translational MT modifications could become 

more evident during subtle and prolonged dynein-kinesin activity balance shifts. However, it 

remains a subject of further investigation.

MATERIALS AND METHODS

Cell experiments

Human MDA-MB-231 cells (ATCC® HTB-26™), mouse embryonic fibroblasts (a gift 

from Dr. Robert S. Adelstein, NIH), and monkey COS-7 (ATCC® CRL-1651™) 

fibroblast cells were maintained in DMEM with 4.5 g/L D-glucose, L-glutamine,110 

mg/L sodium pyruvate (Corning Cellgro®, Cat#10013CV) and 10% heat-inactivated FBS 

(HyClone®, Cat#SH30071.03H) at 37°C in 5% CO2. Mouse Do-11–10 thyoma cells 

(Sigma, Cat#85082301) were maintained in ImmunoCult™-XF T Cell Expansion Medium 

(STEMCELL™ Technologies Inc., Cat#10981) with the addition of Human Recombinant 
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Interleukin 2 (STEMCELL™ Technologies Inc., Cat#78036.3) at 37°C in 5% CO2. 

We treated cells in glass-bottom 35 mm Petri dishes (MatTek Corp., Cat#P35G-1.5–

14-C) using (−)-Blebbistatin enantiomer (Sigma, Cat#203391), Dynapyrazole A (Sigma, 

Cat#SML2127), Kinesore (Sigma, Cat#SML2361), Dynarrestin (Tocris, Cat#6526), 

Paclitaxel (Sigma, Cat#T7402), septin inhibitor UR214–9 (synthesized by Dr. Rakesh K. 

Singh), or dimethyl sulfoxide (Sigma, Cat#472301), as indicated in the main text.

Cells were seeded at high density onto micropatterned coverslips or unpatterned glass-

bottom dishes (for super-resolution microscopy); in DMEM or Immunocult. After 30–60 

minutes of spreading, media was replaced with DMEM or Immunocult medium containing 

indicated concentration of drugs. Cells were fixed with 4% ice-cold PFA solution after one 

hour and used for immunofluorescence analysis.

MEF and COS-7 transfection with microtubule binding domain of ensconsin EMTB-3XGFP 

(Addgene Cat#26741) was performed in Opti-MEM (Gibco, Cat#31985–070) using 

SuperFect reagent (Qiagen, Cat#301307) according to the manufacturer’s protocol.

Synthesis of UR214–9

Equimolar mixture of 4-amino-2,6-dichloropyridine (Tokyo Chemical Industries, 

Cat#A2369) and 2-fluoro-3-(trifluoromethyl) phenyl isocyanate (Alrdich, Cat#472182–2G) 

in dimethylformamide (DMF) was stirred and heated at 65°C in a sealed glass tube 

overnight. DMF was removed using a Buchi rotary evaporator. The crude reaction mixture 

was dissolved in a mixture of dichloromethane(DCM)+MeOH and purified by preparative 

thin-layer chromatography using Hexane:EtOAc (50:50) as eluent. The pure product band 

was scrapped off the glass plate and UR214–9 was stripped from the silica gel using 

DCM+MeOH through a sintered funnel. The solvent was evaporated using a Buchi rotary 

evaporator to obtain UR214–9 as an off-white powder. UR214–9 was dried overnight in 

a desiccator and analyzed by proton and carbon NMR and mass spectrometry. MS-APCI:

[368.3, singlet,100%; 370.2,doublet,60%]

High precision micropatterning

A detailed step-by-step protocol for polyacrylamide gels micron-scale micropatterning with 

collagen type-1 is described elsewhere.106 Briefly, micro-contact soft lithography printing 

at the micron-scale precision is complicated by the van-der-waals effects that provoke a 

collapse of the conventionally soft regular PDMS (rPDMS) micro-stamps onto the printed 

glass surface. In order to prevent the undesirable collapse we substituted rPDMS micro-

stamps with their composite analogues - i.e., soft, mechanically cushioning rPDMS blocks, 

veneered with a 0.5–0.8 mm-thick non-collapsing hard PDMS (hPDMS).104,107 For the 

detailed hPDMS preparation protocol, please see “hPDMS formulation” section. To cast the 

micro-printing surfaces from the commercially fabricated and passivated molding matrix 

of desirable design (Minnesota Nano Center, University of Minnesota) we coated molds 

with 0.5–0.8 mm-thick layer of hPDMS. The hPDMS layer was then cured at 70°C for 30 

minutes. Next, an ~8 mm-thick layer of rPDMS is poured atop of the cured hPDMS layer 

(rPDMS; 1:5 curing agent/base ratio, Sylgard-184, Dow Corning), and cured in the oven (at 
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70°C for ~1 hour). The resulting composite micro-stamps were then carefully peeled off the 

molds and cut into 1×1 cm pieces as the ready-to-use micro-stamps.

In order to fabricate the collagen micro-patterns we first microprinted α-collagen-1 rabbit 

pAb (AbCam, Cambridge, UK, Cat#ab34710; RRID:AB_731684), conjugated with biotin, 

((+)-biotin N-hydroxysuccinimide ester, Sigma-Aldrich, Cat#H1759; as per the commercial 

protocol) and a fluorescent tag (Alexa Fluor® succinimidyl esters, Invitrogen™, Molecular 

Probes®, Cat#A20000, Cat#A20003; as per supplied protocol) on a bare, thermally treated 

intermediate coverglass (FisherFinest™ Premium Cover Glass; #1, Cat#12–548-5 P; 450°C, 

baked overnight in the furnace). For that the micro-stamps were coated with the 0.2 mg/mL 

α-collagen-1 antibody PBS solution for 40 min at 37°C in a dark humid chamber, then 

gently rinsed in deionized water, and dried under a jet of argon or nitrogen immediately 

prior to the micro-contact soft lithography procedure. Second, glass-bottom 35 mm cell 

culture dishes (MatTek Corp., Ashland, MA, Cat#P35G-1.0–20-C) were activated with 

3-(trimethoxysilyl) propyl methacrylate (Sigma-Aldrich, Cat#6514, as per commercial 

protocol) to ensure the covalent crosslinking between the glass surface and PAA gels. 

Third, 5 μL of PAA premix (see the “PAA elastic gel premix” section) of the projected 

rigidity G’ = 50 kPa50 with the addition of the 5% streptavidin-acrylamide (ThermoFisher, 

Cat#S21379) were, avoiding any air bubbles formation, carefully ‘sandwiched’ between the 

activated glass surface and the micropatterned intermediate glass surface promptly after 

adding a curing catalyst (aminopropyltriethoxysilane (APS)). The resulting ‘sandwiches’ 

with cured PAA were then incubated in deionized water (1 h, 20°C) for hypotonic PAA 

swelling that ensures gentle coverglass release from PAA gel. The resulting dish-bound PAA 

gels were checked for quality of the transferred fluorescent α-collagen-1 Ab micropatterns 

on epifluorescent microscope. Lastly, the α-collagen-1 Ab micropatterns on PAA gels were 

incubated with 1 mg/mL rat monomeric collagen-1 (Corning, NY, Cat#354249) in cold PBS 

(4 °C, 12 hours), then rinsed three times with cold PBS, and utilized for experiments.

For making PAA collagen-functionalized nano-grooves, we used antibody-coated 2.5D 

stamps directly.106 Biotinylated antibodies on intermediate glass surfaces or stamps were 

cross-linked to polymerizing PAA gels. For that we polymerized 7–10 μL of gel mix 

in the “sandwich” fashion between a patterned surface and glass-bottom 35 mm Petri 

dishes (MatTek Corp., Ashland, MA), that we activated with 3- (trimethoxysilyl) propyl 

methacrylate (Sigma-Aldrich) in ethyl alcohol (Pharmco-Aaper) and acetic acid (Fisher 

Chemical) as per the commercial protocol. For preparation of G’= 50kPa gels, we 

mix degassed 40% acrylamide: 15 μL and 2% bis-acrylamide: 14.4 μL; with 2 mg/mL 

streptavidin-acrylamide: 3.33 μL; 10X PBS: 5 μL; deionized milli-Q water: 11.17 μL; 

TEMED: 0.1 μL; 10% APS: 1 μL.

hPDMS formulation

Briefly, the hPDMS mixture was prepared as follows: 3.4 g of VDT-731 (Gelest, 

Inc., Cat#VDT-731), 18 μL of Pt catalyst (Platinum(0)-2,4,6,8-tetramethyl-2,4,6,8-

tetravinylcyclotetrasiloxane complex solution) (Sigma-Aldrich, Cat#479543), and one 

drop of cross-linking modulator 2,4,6,8-Tetramethyl-2,4,6,8 - tetravinylcyclotetrasiloxane 

(Sigma-Aldrich, Cat#396281) were thoroughly mixed in a 50 mL conical bottom centrifuge 
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tube on the vortex mixer for at least 30 sec. Lastly, immediately before use, we added to 

the mixture 1 g of HMS-301 (Gelest, Inc., Cat#HMS-301), promptly mixed it for 30 sec 

on a vortex mixer, and immediately used it for the mold coating. A detailed hard PDMS 

(hPDMS) formulation and related protocols are described elsewhere.107,108

PAA elastic gel premix

For PAA premixes we utilized 40% acrylamide (40% AA) base (BioRad, Cat#161–

0140) and 2% bis-AA (BioRad, Cat#161–0142) cross-linker as described elsewhere.109,110 

Additionally, streptavidin-acrylamide (Thermo Fisher, Cat#S21379) was added to the final 

concentration of 0.133 mg/mL to enable PAA gels cross-linking with biotinylated proteins 

of interest for the micropatterns transfer from the intermediate glass surface to the cured 

PAA gels. Briefly, for preparation of 50 μL of G’ = 50 kPa PAA gel premix, the components 

were mixed as follows: 40% AA - 15 μL; 2% bis-AA - 14.40 μL; 2 mg/mL streptavidin-

acrylamide - 3.33 μL; 10X PBS - 5 μL; deionized milli-Q water - 11.17 μL; TEMED - 0.1 

μL. The premix solutions were degassed and stored at 4°C before use. To initiate curing 1 

μL of 10% APS was added to 50 μL of PAA premix immediately before the PAA gel casting 

procedure.

Super- and high-resolution and confocal imaging

We fixed cells with ice-cold (4°C) DMEM containing 4% Paraformaldehyde (Sigma, 

Cat#P6148) for the duration of 15 minutes. PFA-fixed samples were then rinsed in 

1% BSA in PBS two or three times (5 minutes for each cycle), followed by 30-minute-

long blocking-permeabilization treatment in 0.1% Triton X-100 (X100, Sigma) solution 

with 10% BSA (Fisher, Cat#BP9704) in PBS (Thermo Fisher, Cat#10010023). For 

immunofluorescence sample staining, we utilized primary antibodies against β-tubulin 

(Sigma, Cat#T7816), detyrosinated α-tubulin (Abcam, Cat#ab43389), acetylated α-tubulin 

(Sigma, Cat#T6793), α-tubulin (Abcam, Cat#ab18251), γ-tubulin (Abcam, Cat#ab27074), 

dynein (EMD Millipore, Cat#MAB1618), kinesin (EMD Millipore, Cat#MAB1613), 

septin-9 (Sigma, Cat#HPA042564) and septin-2 (Clonentech, Cat#60075) antibodies, diluted 

in 1% BSA PBS. The duration of the incubation with any of the listed primary antibody 

solutions was 1 hour at room temperature. Similarly, labelings with Alexa-Fluor-conjugated 

secondary antibodies (Thermo Fisher) were performed at their final concentration of 5 

μg/mL for the duration of 1 hour in 1% BSA PBS at room temperature. After washing out 

the excess secondary antibodies, F-actin was stained with fluorescent phalloidin (Phalloidin-

ATTO 647N conjugate, Millipore-Sigma, Cat#65906; 10 U/mL). Chromatin was labeled 

with 1:1000 Hoechst solution (Tocris, Cat#5117). We mounted samples using 90% Glycerol 

(Sigma, Cat#G5516) in PBS.

High-resolution 3D and 2D imaging for cell morphometric analysis were performed on a 

Leica TCS SP8 laser scanning confocal microscope with LIAchroic Lightning system and 

LAS X Lightning Expert super-resolution capacity, 405, 488, 552 and 638 nm excitation 

diode lasers, with 40×/1.3 oil immersion objective (Leica, Germany). The scanning settings 

were optimized with Nyquist LAS X function with HyD2.0-SMD excitation sensors, at the 

regular pinhole size of 0.85 AU, and the scanning frequency at 100 Hz. Each frequency 

channel was scanned in sequence in order to avoid the signal bleeding between the channels.
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Alternatively, Nikon TiE stand with an A1Rsi Confocal scan head, powered by NIS-

Elements Confocal software (Nikon, Japan) used for cell imaging. Objectives used were 

PlanApo VC 20×/0.75 NA and PlanApo VC 60×WI/1.20NA, and excitation was provided 

sequentially by 405 nm, 488 nm and 561 nm lasers. Fluorescence was collected through a 

1.2 AU pinhole using emission filters of 425–475nm, 500–550nm, and 570–620nm. Pixel 

size was adjusted to Nyquist sampling (voxel size x,y,z for the 20× objective, j,k,l for the 

60x objective).

Morphometric analysis was performed automatically and/or manually utilizing LAS X 

(Leica, Germany) or NIS-Elements Advanced Research software (Nikon, Japan) as an 

integral part of the data analysis streamline “microscopy-to-measurement-to-analysis”. 

Video-sequences were also analyzed with the ImageJ/FIJI “stacks” plug-in. Additionally, 

live cell imaging microscopy experiments were performed on an Olympus X81 (Olympus, 

Japan) microscopy inside a temperature (37°C), CO2 (5%), and humidity-controlled 

chamber at 20× magnification. Brightfield and fluorescent images were obtained 

every 2 min using MetaMorph software (Molecular Devices, USA). Composite 2D/3D 

cells+micropattern images were reconstructed and assembled using NIS-Elements AR 

and linear image parametric adjustments. Figures were composed using unmodified NIS-

Elements AR-generated TIFF images with Adobe Illustrator CC 2017 (Adobe).

Instant structured illumination microscopy (iSIM) was performed using the custom built 

instant structured illumination microscope system (VisiTech Intl, Sunderlad, UK) equipped 

with an Olympus UPLAPO-HR×100/1.5 NA objective, two Flash-4 scientific CMOS 

cameras (Hamamatsu, Corp., Tokyo, Japan), an iSIM scan head (VisiTech Intl, Sunderland, 

UK), and a Nano-Drive piezo Z stage (Mad City Labs, Madison, WI). The iSIM scan 

head included the VT-Ingwaz optical de-striping unit. Image acquisition and system control 

was done using MetaMorph Premiere software (Molecular Devices, LLC, San Jose, CA). 

Images were deconvolved with and iSIM-specific commercial plugin from Microvolution 

(Cupertino, CA) in FIJI.

Live cell imaging of giant microtubule rings

Human MDA-MB-231 cells were transferred from confluent T25 flasks (CytoOne; Cat# 

CC7682–4325) into a 24-well plate (CytoOne; Cat# CC7682–7524) at 40% confluency. 

Cells were incubated overnight with 100 nM SiR-Tubulin (Cytoskeleton, Inc.; Cat#CY-

SC002), then seeded at high density onto micropatterned coverslips (same as for 

immunofluorescence; see above) in DMEM containing 100 nM SiR-Tubulin. After either 

30 minutes or 1 hour of spreading, media was replaced with DMEM containing 100 nM 

SiR-Tubulin, 130 μM Dynapyrazole A, and 100 μM Blebbistatin. Cells were imaged using 

a Visitech “instant” Structure Illumination Microscopy (iSIM) microscope and images were 

captured either every 10 minutes or every 30 minutes in the far-red channel using a CMOS 

camera.

Atomic Force Microscopy

Suspended MDA-MB-231 triple negative breast cancer cells with passage number between 

P8-P13 were plated on a glass-bottom dish (Willco Wells) precoated with 0.01% poly-L-
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lysine (Sigma-Aldrich) with culture media solution (Life Technologies). Depending on the 

pharmacological drug treatment, cells were incubated with times between ~15 min to 75 min 

to let them weakly adhere to the glass-bottom dish surface and the drug to take maximum 

effect. AFM force spectroscopy experiments were performed using a Bruker BioScope 

Catalyst AFM system (Bruker) mounted on an inverted Axiovert 200M microscope (Zeiss) 

equipped with a confocal laser scanning microscope 510 Meta (Zeiss) and a 40x objective 

lens (0.95 NA, Plan-Apochromat, Zeiss). The combined microscope instrument was placed 

on an acoustic isolation table (Kinetic Systems). During AFM experiments, cells were 

maintained at physiologically relevant temperature 37°C using a heated stage (Bruker). A 

soft silicon nitride tipless AFM probe (HQ:CSC38/tipless/Cr-Au, MikroMasch) was used 

for gentle compression of spherical weakly-adhered 231 cells. The AFM microcantilevers 

were pre-calibrated using the standard thermal noise fluctuations method, with estimated 

spring constants for microcantilevers used between 0.05–0.11 N/m. Immediately after probe 

pre-calibration, the AFM tipless probe was moved on top of a spherical MDA-MB-231 cell. 

Five to ten successive force curves were performed on each cell. The deflection set-point 

was set between 12–32 nm yielding applied forces between 0.95 to 2.7 nN.

All AFM force-distance curves measurements were analyzed using a custom-written 

MATLAB (The MathWorks) code to calculate the cellular surface cortical tension. For 

curve fitting, indentation depths between 0–600 nm were relatively consistent in yielding 

good fits (R2>0.75). Curves with poor fits R2<0.75 were discarded from the analysis. 

Additionally, we discarded noisy force curves and/or curves that presented jumps possibly 

due to cantilever and plasma membrane adhesion, slippage, or very weakly adherent moving 

cells.

Spherical MDA-MB-231 cells cellular surface cortical tension (T; pN/μm) was calculated by 

fitting each recorded force-distance curve using the cortical tension method we previously 

described that defines the force balance relating the applied cantilever force with the 

pressure excess inside the rounded cells and the corresponding actin cortex tension; 

T =
kc
π

1
(z/d) − 1 , where T is the cellular surface tension, kc is the AFM cantilever spring 

constant, Z is the Z-piezo extension, and d is the cantilever mean deflection.53

In silico UR214–9-Septin docking energy simulation

Swiss-Model111 was used to model the structures of septins. Missing residues and atoms 

were automatically completed by Swiss-Model in the modeling. Docking calculations were 

performed using MedusaDock,112,113 which models the flexibility of both the ligand and the 

receptor. Docking poses were evaluated using MedusaScore,114 a scoring function based on 

the physics-based force field accounting for the protein-ligand interaction energy. Starting 

from a low number of independent docking attempts, an ensemble of candidates was isolated 

that have the lowest binding energies to each receptor’s binding site. The maximum number 

of independent docking attempts was chosen as 1000, after analyzing the convergence of 

docking poses energies. By properly modelling the induced-fit phenomenon upon ligand 

binding,113 MedusaDock is not sensitive to the starting conformations of the receptors. 

Thus, the docking results were not biased by the starting conformations.
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Statistical analysis

Only pairwise comparisons as one-sided t tests between a control group and all other 

conditions are utilized to analyze the data, as well as between paired -Blebbistatin 

and +Blebbistatin co-treatment groups. Statistical analysis is performed using either 

KaleidaGraph 4.5.4 (Synergy Software) or Prism 7b (GraphPad Software, Inc). The exact 

p values are indicated on the plots, unless the p<0.0001, i.e., below cut-off lower limit for 

Kaleidagraph and Prism softwares. Sample size n for each comparison is reported in the 

corresponding plots (i.e., n reflects the number of measured individual cells). Number of 

replicates is 3, unless specified otherwise. Data are shown as box and whiskers diagrams: 

first quartile, median, third quartile, and 95% percent confidence interval.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Top 3D overview of MDA-MB-231 cells during adhesion and spreading along the 
artificial extracellular matrix (orthogonal type-1 collagen grid, G’=50 kPa).
(a) - Micrographs present cell configurations in the control condition (+DMSO), during 

dynein inhibition (+Dynapyrazole A), in the presence of actomyosin contractility inhibitor 

(+Blebbistatin), and under combined dynein and actomyosin contractility suppression 

(+Blebbistatin+Dynapyrazole A). Upon biaxial spreading along the orthogonal collagen 

lanes in the control condition (+DMSO), cells develop concave polygonal architecture with 

stress-fibers predominantly located at the mechanically tensed cell periphery - i.e., arching 
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free cell edges. Suppression of the dynein motor activity (+Dynapyrazole A) induces mixed 

cell architectures, with 70% of cells partially developing MT rings along with cells having 

polygonal architecture. Inhibition of actomyosin contractility (+Blebbistatin) shifts cell 

organization towards the spreading network of dendritic protrusions that compliantly extend 

along the collagen grid. These protrusions feature the microtubule scaffold as their structural 

core. Notably, combined dynein and myosin II inhibition (+Blebbistatin+Dynapyrazole A) 
results in the reorganization of the MT network into MT ring in >90% cells. Similar to 

marginal bands in mammalian platelets, these rings deform cells into lenticular discoids. 

Separate channels are shown in SI1.

(b, c) - 2D projection views (b) and stereometric 3D views with merged channels (c) of the 

MT rings, induced by +Dynapyrazole A+Blebbistatin treatment.

(d) - Time course sequence for MT network expansion and ring condensation in MDA-

MB-231 cells (+ Dynapyrazole A+Blebbistatin; 130 μM and 50 μM respectively), 

equatorial confocal plane imaging, SiR-tubulin live microtubules labeling, see Movie 1. 

Note the MT network expansion-driven translocation from throughout the cell volume 

towards the cell cortex, while MTOCs (arrows) remain separated from the ring within the 

cytosolic volume of cells.

F-actin is labelled with Phalloidin-ATTO 647N. Chromatin is labelled with Hoechst.
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Figure 2. Kinesin and dynein motor proteins counterbalance outward and inward-directed 
forces within MT network.
(a) - Schematic representation of dynein-kinesin superposition and sole kinesin-generated 

forces within the MT network: (1) - Superpositioned dynein and kinesin forces 

counterbalance each other within both cell volume and at cell-substrate adhesion sites. (2) - 

Kinesin motor proteins facilitate MT network expansion into the cell cortex within the cell 

volume via antiparallel telescopic MT sliding-out. Kinesin-driven MT sliding decreases MT 

overlap, extends overlapping antiparallel MT filaments (MT network expansion), and drives 

MT network retraction/expulsion from the cell-ECM adhesion sites.

Note that dynein can act as the MTs’ passive cross-linker in +Dynapyrazole 
A+Blebbistatin that prevents MT network collapse into a radial MT array by kinesin-1-

driven collective concentration of all MT plus-ends into a single focus. Active dynein 
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also contributes as an antagonizing cross-linker during kinesin-1 over-activation, remaining 

relatively passive in comparison to kinesin’s enhanced MT processivity.

(b) - Key force-generating configurations of MT-motor proteins can effectively drive MT 

network compaction/expansion and MT bundling/unbundling. Note that dynein and kinesin 

motors both directly and indirectly bundle MTs, and form coupled complexes, e.g., by 

cargo shared between two or more motors (coupled dynein and kinesin). (1) - Simultaneous 

work of coupled dyneins and kinesins within antiparallel MT structures induce directionality 

conflict within sliding MTs, that results in MT filaments buckling and unbundling into 

scattered, misaligned and isotropic MT networks. (2) - Kinesin-only system (coupled 

kinesins) induces MT bundling and antiparallel MT ‘telescopic’ sliding-out that drives 3D 

MT network collapse into the ring (circular bundle) and ring expansion into the cell cortex 

deforming cells into the discoids.

(c) - Non-treated spheroid cells with active kinesins and dyneins have unbundled 

MT network, scattered throughout cell volume. Isotropic MT network highlights 

dynamic mechanical balance of network compaction and expansion. +Dynapyrazole 
A+Blebbistatin-treated MDA-MB-231 cells develop kinesin-bundled MT rings that feature 

kinesin-driven ring expansion. MT ring expansion deforms individual cells into lenticular 

discoids.

(d) - Suggested mechanism describes mechanical and structural contribution of MT 

network into the cell cortex as a counterbalancing system of dynein and kinesin motors. 

Three alternative strategies are available for shifting the mechanical balance towards a 

higher contribution of kinesins - direct dynein inhibition (+Dynapyrazole A), kinesin-1 

overactivation (+Kinesore), and MT network redecoration with the septin-9 that enhances 

kinesin-MT interactions (+UR214–9). Note that inhibition of cortex contractility, combined 

with outbalanced activity of kinesins, leads to the MT ring formation-expansion, and cell 

deformation into the lenticular discoid.
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Figure 3. Structural analysis of the MDA-MB-231 cells during alternative dynein-kinesin balance 
shift mechanisms.
(a) - MT ring median-plane cross-section in MDA-MB-231 cells (left) as shown in the 

schematic (right) in +Dynapyrazole A+Blebbistatin. Note kinesin accumulation at the MT 

rings (arrows), see also SI3a-d.

(b) - MT rings expand and deform cells into the lenticular discoids (MT ring diameter > 
cell width). The plots depict the measurements of the cell discoids diameters (diameter of 
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the MT ring) and the cells’ widths (transverse cell dimension). The dashed box depicts the 

averaged cell discoid diameter and width boundaries (means).

(c) - Top row - Adhesion and spreading of MDA-MB-231 cells on the collagen-1 grids 

(G’=50 kPa) in control condition (+DMSO) and during kinesin overactivation (+Kinesore), 
compared to the direct dynein inactivation (+Dynapyrazole A). Kinesin over-activation with 

+Kinesore does not inhibit the dynein activity, yet induces a significant increase of the 

biaxial spreading of cells in comparison to the control cells. Alternatively, dynein-kinesin 

balance shift towards the kinesin activity via the direct dynein inhibition (+Dynapyrazole 
A) induces a visible reduction of cell spreading and “dendritization” of cells that is similar 

the loss of cell contractility shape during Blebbistatin-induced myosin II inhibition (Figure 

1, +Blebbistatin). The loss of cell contractility in Dynapyrazole A is related to the two main 

factors 74: the loss of MT-to-actomyosin mechanical crosslinking and force transmission, 

as well as the loss of the dynein-driven mechanical contractility within MT network 

(+Dynapyrazole A).
Bottom row - Morphometric analysis of control (+DMSO), and +Kinesore- and 

+Dynapyrazole A-treated cells indicate a significant increase in cell biaxial spreading, 

driven by kinesin-mediated MT network expansion.

(d) - Suggested mechanism for the MT-actomyosin interaction in cells on the collagen 

grids. Dyneins and kinesins control the (1) MT network compaction and (2) MT 

network expansion respectively. Dyneins also crosslink the MT network to the actomyosin 

cytoskeleton (stress-fibers). I.e., actomyosin, adhesion-bound matrix, adhesion complex, 

MTs and MT motor proteins subsystems are united into a single mechanical system. See 

also SI4a.

(e) - Alternative methods for outbalancing the kinesin activity via +Dynapyrazole 
A+Blebbistatin and +Kinesor+Blebbistatin induce MT rings (arrows) and cell discoids.

F-actin is labelled with Phalloidin-ATTO 647N. Chromatin is labelled with Hoechst. 

Pairwise one-way t tests-derived p values are shown on the plots with corresponding n 

(size of individual cells measurement sets) for each condition, generated in triplicates.
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Figure 4. Formation of MT ring via alternative dynein-kinesin balance shift mechanisms features 
cell rigidification as an outcome of MT network expansion.
(a) - (Left) UR214–9-targeted septins blockade leads to the downstream stabilization 

of microtubules. I.e., septin-7 blockade leads to HDAC6 inactivation and following 

microtubules acetylation and stabilization, coherent with the parallel effects of MAP4 

release from septin-7 to the microtubular pool. In addition, total septin suppression leads 

to the loss of actomyosin contractile structures (e.g. - stress-fibers), and to a total decrease of 

actomyosin contractility. (Right) Septin-9 blockade with UR214–9 leads to its relocation 

to the stabilized microtubules, where it increases microtubular cross-linking via direct 
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septin-9 interactions, and possibly via F-actin mediation. Stabilized acetylated MT activates 

kinesin-1, while combined with MT cross-linking leads to the MT bundling and bundles 

extension.

(b) - Immunofluorescent visualization of stress-fiber-specific localization for septin-9 in 

MDA-MB-231 cells in control conditions (+DMSO), and septin-9 translocation onto MT 

network, accompanied by MT ring formation during septin-2 inactivation (+UR214–9). 
See also SI14a. For cells attached directly to the uncoated glass (for the purpose of 

super-resolution imaging), rings were formed in ~10–15% of total cell population, n=100 

(estimates are made by visual examination). We attribute the quantitative differences with 

collagen gels to the nature of the substrates used in various experiments.

(c) - AFM analysis of the MDA-MB-231 cells rigidification upon kinesin-wise activity 

outbalance, induced by three alternative mechanisms. Left - Schematic of the cell 

mechanical system: both MT network and actomyosin represent mechanically active 

cell components that synergistically regulate cell mechanics. Right - Dynapyrazole A, 

Kinesore, and UR214–9 induce cell rigidification. Bottom - schematic representation of cell 

rigidification upon kinesin’s outbalancing activity: while +Dynapyrazole A+Blebbistatin, 

+Kinesin+Blebbistatin, and +UR214–9+Blebbistatin all induce MT rings, due to the 

rings’ anisotropic configuration their mechanical effects are non-readable by AFM.

(d) - Schematic representation of the alternative mechanisms for inducing the kinesin’s 

outbalancing activity. Both dynein inhibition (+Dynapyrazole A), kinesin over-activation 

(+Kinesore), and kinesin-MT interactions enhancement via septin-9 F-actin-to-MT 

translocation (+UR214–9) unanimously induce cell rigidification via kinesin-driven MT 

network expansion. See also SI9b.

(e, f) - UR214–9-induced kinesin overactivation results in MT rings formation in MDA-

MB-231 cells (e), as well as in other tested cell lines, e.g. - COS-7 (f, top, rings were formed 

in ~10–20% of total cell population, n=100, estimates are made by visual examination), 

and in DO-11–10 murine T cell line (f, bottom, rings were formed in ~8–15% of total cell 

population, n=100, estimates are made by visual examination).

F-actin is labelled with Phalloidin-ATTO 647N. Chromatin is labelled with Hoechst. 

Pairwise one-way t tests-derived p values are shown on the plots with corresponding n 

(size of individual cells measurement sets) for each condition, generated in triplicates.
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Figure 5. Dynein motor-driven in-groove MT guidance is crucial for the contact guidance-
induced alignment of the cell to the “2.5D” collagen nanotexture.
(a) - MDA-MB-231 cells (top) and their MT network (bottom) alignment to the sterically 

interactive collagen type-1-coated “2.5D” nanotextures (800/800 nm nano-grooves/nano-

ridges, depth: 600 nm). Left-to-right: (+DMSO) - control conditions, (+Blebbistatin) 
- during actomyosin low contractility state, (+Dynapyrazole) - during dynein activity 

inhibition, and (+UR214–9) - during septin-9 actin-to-MT translocation and kinesin 

overactivation. Note that both direct dynein inactivation (+Dynapyrazole A) and kinesin 
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outbalance over dynein activity (+UR214–9) suppress MT network-nanogrooves alignment, 

induces planar MT rings, and consequently suppresses cell contact guidance along 

the nanotextures. Note MTs-to-nanogroove alignment in active, balanced dynein cell 

states: +DMSO and +Blebbistatin (arrows); but MT network reorganize into rings 

with no alignment to the nanotexture during kinesins activity outbalance over dyneins: 

+Dynapyrazole A and +UR214–9.

(b) - Schematic views of dynein+MT-driven cell contact guidance along the nanotextures 

(1), and kinesin outbalance-driven loss of cell contact guidance (2) in either +Dynapyrazole 
A or +UR214–9.

(c) - Quantification of cell contact guidance as cell spreading spans measurement along 

vs. across nanotextures shows no preferential response of cell spreading alignment to the 

nanotexture direction in both +Dynapyrazole A and +UR214–9.

F-actin is labelled with Phalloidin-ATTO 647N. Chromatin is labelled with Hoechst. 

Pairwise one-way t tests-derived p values are shown on the plots with corresponding n 

(size of individual cells measurement sets) for each condition, generated in triplicates.
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