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The capacity of cells to adhere to, exert forces upon and migrate through their surrounding environment governs tissue regeneration and cancer metastasis. The role of the physical contractile forces that cells exert in this process, and the underlying molecular mechanisms are not fully understood. We, therefore, aimed to clarify if the extracellular forces that cells exert on their environment and/or the intracellular forces that deform the cell nucleus, and the link between these forces, are defective in transformed and invasive fibroblasts, and to indicate the underlying molecular mechanism of control. Confocal, Epifluorescence and Traction force microscopy, followed by computational analysis, showed an increased maximum contractile force that cells apply on their environment and a decreased intracellular force on the cell nucleus in the invasive fibroblasts, as compared to normal control cells. Loss of HDAC6 activity by tubacin-treatment and siRNA-mediated HDAC6 knockdown also reversed the reduced size and more circular shape and defective migration of the transformed and invasive cells to normal. However, only tubacin-mediated, and not siRNA knockdown reversed the increased force of the invasive cells on their surrounding environment to normal, with no effects on nuclear forces. We observed that the forces on the environment and the nucleus were weakly positively correlated, with the exception of HDAC6 siRNA-treated cells, in which the correlation was weakly negative. The transformed and invasive fibroblasts showed an increased number and smaller cell-matrix adhesions than control, and neither tubacin-treatment, nor HDAC6 knockdown reversed this phenotype to normal, but instead increased it further. This highlights the possibility that the control of contractile force requires separate functions of HDAC6, than the control of cell adhesions, spreading and shape. These data are consistent with the possibility that defective force-transduction from the extracellular environment to the nucleus contributes to metastasis, via a mechanism that depends upon HDAC6. To our knowledge, our findings present the first correlation between the cellular forces that deforms the surrounding environment and the nucleus in fibroblasts, and it expands our understanding of how cells generate contractile forces that contribute to cell invasion and metastasis.
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1 INTRODUCTION
The capacity of single cells to adhere to, change shape and to exert physical forces on the surrounding microenvironment governs the architecture and mechanical properties of tissues. Cell adhesion, shape and physical forces also control cell motility and invasion into the surrounding environment (Kraning-Rush et al., 2012). These cell properties thereby govern fundamental processes in health and disease, such as embryonic development, tissue regeneration such as wound healing, as well as the primary cause of patient death in cancer, cell invasion and metastasis. While the molecular mechanisms of cell adhesion have been studied in detail since the 1970s (Horwitz, 2012; Clevers, 2016), the capacity of single cells to exert physical forces, and the underlying molecular mechanisms remain to a large extent unknown.
In pioneering work, the group of Yu-li Wang described the forces that fibroblasts exert on the environment on a subcellular level and showed that the migration of fibroblasts on a 2D surface are generated at the leading edge of the cell by small nascent cell-matrix adhesions (Munevar et al., 2001a; Karen et al., 2001; Trichet et al., 2012). The cytoskeleton, and the cytoskeletal regulators Rho GTPases are key molecules in the generation of traction forces (Gad et al., 2012). In particular, RhoA-ROCK- activation of actomyosin-based contractility generates cellular contractile force (Burridge, 1996; Parsons et al., 2010; Feld et al., 2020). In contrast, the vimentin intermediate filaments have been shown to suppress contractile forces of the cells (Jiu et al., Kim et al., 2022). The microtubules also exert an indirect control of the acto-myosin generated forces, by the release of the RhoA activator GEF-H1 (Ren et al., 1998; Krendel et al., 2002; Binker et al., 2007; Rafiq et al., 2019; Deb Roy et al., 2022). The observation that the post-translational acetylation of microtubule causes release of GEF-H1 from microtubules, suggests that the microtubule acetylation can regulate contractile forces (Holenstein et al., 2019; Seetharaman et al., 2022). Microtubule acetylation is controlled by the cytoplasmic deacetylase Histone deacetylase 6 (HDAC6). HDAC6 promotes oncogene-induced cell transformation, cell motility and metastasis (Lee et al., 2008; Lafarga et al., 2012; Bance et al., 2019). For example, it is required for the proliferation and metastasis of melanoma cells (Stivarou et al., 2016; Hu et al., 2023). HDAC6 also stimulate the motility of cells, which can be due to the capacity of HDAC6 to deacetylate cytoplasmic non-histone targets, primarily of 𝛂-tubulin (Zilberman et al., 2009; Li et al., 2014).
The forces that cells exert on intracellular organelles, such as the nucleus are studied to a lesser extent than the forces cells exert on their microenvironment. However, it is known that the shape and the mechanical properties of the nucleus of the cell is governed by the cytoplasmic cytoskeletal forces, the composition and ratio of lamin A/C within the nuclear lamina, and the organisation of chromatin (Schape et al., 2009; Jain et al., 2013; Swift et al., 2013; Chiotaki et al., 2014; Schreiner et al., 2015; Dos Santos et al., 2021; Katiyar et al., 2022). The LINC protein complex physically connects the nuclear envelope to the cytoskeleton, and the cytoskeleton subjects the nucleus to compressive forces that deform the nucleus by the microtubules, F-actin stress fibres and vimentin intermediate filaments (Jiu et al., 2017; Alisafaei et al., 2019; Terriac et al., 2019; Dos Santos and Toseland, 2021). Actomyosin-based contractility can therefore exert both a direct and indirect, microtubule-mediated physical control of the shape and the morphology of the nucleus.
We have previously observed that expression of various oncogenes in primary, healthy dermal fibroblasts reduces the polymerisation of microtubules, actin, and vimentin filaments, results in thinner stress fibres and collapses the organisation of vimentin filaments in fibroblast cells (Jiu, 2018). These oncogene-induced effects were accompanied by increased cell invasion and mechanical stiffness of the cells and were mediated by HDAC6 (Ghassemi et al., 2012; Rathje et al., 2014; Jiu et al., 2015). We have also shown that oncogene-expressing and transformed and invasive fibroblasts show increased cell migration speed, a less directed cell migration, an increased inverse correlation between cell migration speed and directionality, loss of the elongated fibroblast cells shape. These changes that were reversed to normal upon inhibition of the tubulin-deacetylase HDAC6 with the specific inhibitor tubacin (Haggarty et al., 2003b; Haggarty et al., 2003; Ling et al., 2018; Evans et al., 2022). Given the importance of physical forces for cell motility, we therefore hypothesised that oncogenes and HDAC6 also regulate the physical traction forces that cells exert on their surrounding environment and on their nuclei.
In this present study, we aim to determine if transformed and invasive fibroblasts generate defective traction forces on the surrounding environment and/or on the cell nucleus, and to identify underlying molecular mechanisms of control. Our findings suggest that oncogenic transformation and invasion of cells is accompanied by an increased physical force that cells exert on their environment, combined with a decreased intracellular cytoplasmic force on the cell nucleus, by a mechanism that requires HDAC6. The data is consistent with the hypothesis that oncogenes, via the separate deacetylase-, and protein-binding functions of HDAC6, regulate physical forces, cell-matrix adhesions, spreading, shape, migration of cells, which promote the motility and invasion of cells in cancer.
2 MATERIALS AND METHODS
2.1 Cell culture and treatments
We used the BjhTERT-SV40T-H-RasV12 cells, and the isogenically matched immortalised BjhTERT cells as normal non-transformed and non-invasive control cells (Hahn et al., 1999). Cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% foetal bovine serum and 100 U/mL penicillin and 100 μg/mL streptomycin. These cell variants have been described previously, and can be considered as an isogenically matched model system of the transformation of primary cells to transformed and invasive cells, and they have been characterised previously with regard to their total gene transcription, their protein expression, as well as the cytoskeletal organisation, cell-matrix adhesion, and migration (Danielsson et al., 2013; Rönnlund et al., 2013; Rathje et al., 2014; Evans et al., 2022). The expression of the SV40LT and H-Ras G12V oncogenes in the human primary BJ-fibroblasts have previously been shown to create tumours that metastasise into kidney and lung tissue, as well as into the parenchyma (Sun et al., 2005). Cells were treated with 10 µM tubacin or DMSO.
2.2 siRNA transfection
Cells were seeded at 40,000 cells/well in P12 well plate (CC7682-7512, STARLAB International GmbH, Hamburg, Germany) incubated for 24 h in Dulbecco’s modified Eagle’s medium supplemented with 10% foetal bovine serum and 100 U/mL penicillin and 100 μg/mL streptomycin. Transfection was performed using HiPerFect Transfection Reagent (301704, Qiagen, Hilden, Germany) following manufacturer instructions. SV40TRasV12 cells were transfected with a combination of the Hs_HDAC6_5 and the Hs_HDAC6_6 FlexiTube siRNA (1027417, Qiagen, Hilden, Germany) or with negative control siRNA (1022076, Qiagen, Hilden, Germany) at a final concentration of 25 nM, and incubated 96 h prior to analysis.
2.3 Western blot
Total cellular protein extracts (25 ug/lane) were separated using precast Stain Free polyacrylamide gels (4%–20%) (4568094, Bio-Rad Laboratories Ltd.), and Western blot procedures were performed as described previously (Evans et al., 2022). The list of antibodies used is as follows: anti-mouse-acetylated-α-tubulin (T6793, Sigma Aldrich) (1:2,000), anti-rabbit-α-tubulin (ab176560, Abcam) (1:2,000), anti-mouse-GAPDH (60004, Proteintech) (1:2,000), and anti-rabbit-HDAC6 (NB100-56343, Novis Biologicals) (1:2,000). HRP-conjugated goat anti-mouse/rabbit secondary antibodies (GtxRb-004-DHRPX/GtxRb-003-DHRPX, Immunoreagents) (1:10,000). ChemiDoc MP Imaging System (Catalog: 12003154) and software (Image Lab Touch 2.4, version 1709691) were used for the quantification of the bands from the western blots. For calculations of the ratio between acetylated-alpha-tubulin/total alpha-tubulin, blots were stripped according to the manufacturer’s protocol, using a Stripping buffer (Cat: 21059, Thermoscientific), and confirmed the loss of signal prior to re-probing. The antibodies are commercially available, and the source files of the Western blots are shown in Supplementary Figure S1.
2.4 Immunofluorescence staining
The cells were fixed and permeabilized in PBS containing 3.7% formaldehyde, 0.2% Triton-X100, and stained as described previously (Gad et al., 2012), using anti-rat-vimentin (MAB2105, R&D systems) (1:100), anti-mouse-p-Tyr (sc-7020, Santa Cruz Biotechnology) (1:100), Goat anti-rat-Alexa-Fluor-647 (Invitrogen) (1:400), Goat anti-mouse-Alexa-Fluor 555 (Invitrogen) (1:400), Alexa-Fluor-488 phalloidin (Invitrogen) (1:400), DAPI (1:1,000). The cells were then imaged with a ZEISS LSM 980 confocal microscope, using the Zen software (Carl Zeiss Microscopy, Thornwood, United States).
2.5 Traction force microscopy
Traction force microscopy experiments were performed as previously described (Kim et al., 2022) using the collagen coated 12 kPa hydrogels with 0.2 μm Yellow/green fluorospheres MatrigenSoftTrac™ plates (Cell guidance-Cambridge, Matrigen, LLC, California United States). Cells were seeded in complete, serum-containg media, at 2,500 cells/cm2 and allowed to adhere overnight. Prior to imaging, the media was replaced by 1 mL of 0.05 μg/mL Hoechst (H3570; Invitrogen, Waltham, MA, United States) in complete media for 30 min, which thereafter was removed and replaced by 500 μL of complete media. Images of the fluorescent embedded beads and the cells were obtained using parallel imaging and a × 40 magnification on a ZeissCelldiscoverer7 Wide field Fluorescence Microscope (Carl Zeiss Microscopy, Thornwood, NY). The cells were thereafter detached by addition of 1 mL of 0.5% (w/v) Triton-X-100, 20 mM NH4OH in PBS, followed by imaging of the exact same location of the gel after 5 min. This buffer has previously been used to detach cells for Traction force microscopy (Franco-Barraza et al., 2016; Teo et al., 2020). Visual confirmation of cell detachment was thereafter obtained by gently moving the microscope stage. Displacement of beads before and after the removal of cells was tracked by particle imaging velocimetry followed by Fourier transform traction cytometry to estimate the corresponding cell traction force field, using a modified ImageJ macro kindly shared by Lee and Kumar, (2020) from a previously described method (Martiel et al., 2015). The total traction forces (in N) were measured by integrating traction forces over the cell area. The elastic energy (in J) stored in the gel to produce the observed deformation was calculated by summing the products of displacement with the force over the cell.
2.6 Migration assay
Cells were seeded at 1,000 cells/well in slide chambers (543079; Greiner Bio-One Frickenhausen, Germany) and incubated for 24 h. The medium was replaced with a fresh medium containing 0.05 μg/mL Hoechst (H3570; Invitrogen, Waltham, MA, United States) for 1 h before live-cell imaging. This was followed by 17 h live-cell imaging on Cell Discoverer 7 (Zeiss, Oberkochen, Germany), with images taken every 20 min.
2.7 Image analysis
The live-cell imaging videos were analysed with regard to the mean cell migration speed and persistence using TrackMate plugin by FIJI version 1.53, as previously described (Kim et al., 2022). For cell shape analysis, the images taken after 8.5 h were used, and individual cells were contoured by the freehand selection tool followed by quantification by shape descriptors by FIJI version 1.53, as described previously (Kim et al., 2022).
2.8 Nuclear force analysis
We calculated the force field required to produce the nuclear deformation observed between the attached and detached states of the cells using a previously described method (Estabrook et al., 2021). Briefly, the algorithm determines the deformation of a thin elastic shell, using an elastic energy minimisation Monte Carlo scheme to obtain the deformation field from only two outlines of the nucleus. We assume the following elastic parameters for the nuclei in all cases; Young’s Modulus E = 5 kPa and Poisson’s ratio ν = 0.5, presuming the elastic shell is an incompressible material, are used to represent the nucleus (Guilak et al., 2000; Caille et al., 2002; Lammerding, 2011). The nucleus image outlines are obtained within ImageJ. The algorithm was adapted to analyse the nuclear Hoechst images obtained from the attached and detached cells during traction force microscopy experiments, as described above. Total force was calculated from output files by summing the modulus of the force vectors over the perimeter of the cell. The deformations were quantified by defining a deformation index equal to the mean of the modulus of the deformation vectors divided by the perimeter of the undeformed shape. The R scripts to calculate the total force and the deformation are included in the Supplementary information, as Supplementary Texts S1, S2, respectively.
2.9 Colloidal probe force-mode atomic force microscopy
Atomic force microscopy (AFM) was used to measure force interaction with the aid of a colloidal probe in the form of indentations over the cell nuclei, as described earlier (Rathje et al., 2014). The force measurement data were converted into force curves and elasticity was calculated from the force curves by fitting a contact mechanic model to the interacting force on approach (Carl and Schillers, 2008). We analysed the cell stiffness (10 cells of each type) at applied normal forces in the range of 10–40 nN. The differences observed between the samples followed the same ranking without any statistically significant differences at the different applied forces.
2.10 Statistical analysis
The statistical analysis was performed in GraphPad Prism version 9.1.0 (GraphPad Prism Software, San Diego, CA, United States). For the migration, focal adhesion area, nuclear force and traction force microscopy analyses, ordinary one-way ANOVA statistical tests were used to compare the experimental groups for mean speed and linearity and shape, focal adhesion areas, nuclear force, energy, total and maximum cell force statistical multiple comparison, respectively. For the migration analysis, the statistical analysis was performed in GraphPad Prism version 9.1.0 (GraphPad Prism Software, San Diego, CA, United States). Ordinary one-way ANOVA statistical tests were used to compare the experimental groups for mean speed and linearity and shape statistical multiple comparison. t-test statistical tests were used to compare the contractile forces for traction force microscopy analysis of siRNA-treated cells. Outliers identification was performed using the ROUT method (Q = 1%).
3 RESULTS
3.1 Tubacin-mediated inhibition of HDAC6 decreases the maximum traction force of invasive cells
Recent research has shown that the force that epithelial cells exert on their surrounding environment show a positive correlation to their capacity to invade (Kraning-Rush et al., 2012). To determine if this is the case also in mesenchymal cells, we therefore aimed to determine if oncogene-expressing, invasive and transformed and invasive fibroblasts show increased cellular contractile force, as compared to isogenically matched normal control cells. A main advantage with this cell model is that it allows direct comparison between cancer-forming human cells and isogenically matched control cells. As cancer is a systemic disease, it is not possible to obtain isogenically matched normal control cells to cancer cells or cell lines that have been derived from patients. Earlier observations by our and other laboratories have shown that oncogenes induce HDAC6 in fibroblasts (Rathje et al., 2014; Lea and Kumar, 2020). Accordingly, we observed increased levels of HDAC6 in the transformed and invasive fibroblasts (Figure 1). We therefore wished to determine if increased forces in transformed cells can depend upon HDAC6. Using traction force microscopy, we observed that the transformed and invasive cells showed similar levels of strain energy and traction forces as the control cells, while the level of the maximum contractile force in the cells was increased (p ≤ 0.01). Treatment with tubacin reduced the strain energy and the traction force, and also reduced the maximum force of transformed and invasive cells to normal (p ≤ 0.01, Figure 1). Taken together, these observations indicate that the capacity to exert contractile forces of the surrounding environment is increased in metastasising fibroblasts, possibly mediated by increased levels and/or activity of HDAC6.
[image: Figure 1]FIGURE 1 | Transformed and invasive fibroblasts show increased maximum force, which is reversed to normal by tubacin-mediated inhibition of HDAC6. (A) The protein l evels of HDAC6 and GAPDH loading control in normal BjhTERT and metastasising BjhTERTSv40TRas cells, as indicated. (B) Representative traction force maps of control and Transformed and invasive fibroblasts, treated without or with tubacin (Tub), as indicated, with colour key indicating the magnitude of traction force, in Pascals. (C) The corresponding quantification graphs of the total strain energy (left), the total traction forces exerted by the cells (i.e., the traction forces integrated over cell area) (middle), and the maximum force of cells (right) are shown, as indicated. Data from at least three independent biological repeats, represented as mean ± SD. *p ≤ 0.05, **p ≤ 0.01 (One way ANOVA tests) (t-tests). For Energy and Total force analysis: BjhTERT n = 55, BjhTERTSv40TRas + C n = 54, BjhTERTSv40TRas + Tub n = 61. For Max Force analysis: BjhTERT n = 37, BjhTERTSv40TRas + C n = 49, BjhTERTSv40TRas + Tub n = 51. Scale bar: 10 µm.
3.2 siRNA-mediated HDAC6 knockdown increases the traction forces of invasive cells
We further wished to determine if not only the HDAC6 activity, but also the increased levels of the HDAC6 protein that we observed in the transformed and invasive cells were required for the increased contractile force of these cells. To this end, we knocked down HDAC6 with siRNA, and analysed the contractile forces in transformed and Invasive with or without HDAC6. We observed that loss of HDAC6 resulted in increased levels of strain energy (p ≤ 0.00011), traction force (p ≤ 0.00011) and maximum force (p ≤ 0.00011) in cells, as compared to control (Figure 2). These results suggest that the protein levels of HDAC6 in cells can suppress the contractile force of cell.
[image: Figure 2]FIGURE 2 | siRNA-mediated knockdown of HDAC6 increases the contractile forces in invasive cells. (A) The protein levels of HDAC6 and GAPDH loading control in cells transfected with HDAC6-targeting siRNA or control siRNA, as indicated. (B) Representative traction force maps of control and transformed and invasive fibroblasts, treated without or with HDAC6 siRNA as indicated with the colour key indicating the magnitude of traction force, in Pascals. The corresponding graphs of the total strain energy (left), the total traction forces (i.e., the traction forces integrated over the cell area) (middle), and the maximum force of cells (right) are shown, as indicated. Data from at least three independent biological repeats. Data presented as mean **p ≤ 0.01.± SD. *p ≤ 0.05 (One way ANOVA tests) (t-tests). BjhTERTSv40TRas + (C) siRNA n = 72, BjhTERTSv40TRas + HDAC6 siRNA n = 96. Scale bar: 10 µm.
3.3 Transformed and invasive cells have higher traction force on the environment and reduced intracellular force on the nucleus compared to control cells, in a tubacin-dependent manner
We next aimed to determine if the intracellular forces that cells exert on their nucleus is affected in transformed and invasive cells. We have previously observed that these transformed and invasive fibroblasts show a cytoskeleton that is less polymerised, coherent, extended and developed than in healthy cells (Rathje et al., 2014; Evans et al., 2022), and therefore hypothesised that transformed and invasive cells would exert reduced contractile forces on their nuclei. Indeed, we observed that the deformation of the cell nucleus, and the forces that the nucleus was subjected to were reduced in transformed and invasive cells, as compared to control, with no additional change by tubacin (Figure 3), and no effect of siRNA-mediated HDAC6 knockdown (Supplementary Figure S2). We did not observe any differences of the elastic stiffness of the nuclear material, when measured on the control cells without or with oncogene-expression using collodial probe force-mode atomic force microscopy (Supplementary Figure S3). It is therefore of particular note that the decrease in the deforming force was observed even without presuming that the nuclear material became softer. Because we have previously observed that oncogene-expression results in a more collapsed and perinuclear localisation of vimentin filaments and thinner and smaller F-actin stress fibres and cell matrix adhesions (Rönnlund et al., 2013; Rathje et al., 2014), we hypothesised that the coordination and correlation of intracellular and extracellular contractile forces of cells was altered in transformed and invasive cells. When analysing individual cells in the cell populations, we observed in all conditions that the forces on the environment and the nucleus were weakly positively correlated, with the exception of HDAC6 siRNA-treated cells (Supplementary Figure S4).
[image: Figure 3]FIGURE 3 | Transformed and invasive cells show lower intracellular forces on the nucleus. (A) Representative images of the nuclei of normal and transformed and invasive cells treated without or with tubacin (Tub), showing the nuclear deformation (top panel), with the deformed shape (magenta line), undeformed shape (green line) and deformation (cyan arrows), with each arrow scaled such that one unit of length on the axes represents a traction force of 250 Pa. and (bottom panel) the nuclear force with the undeformed shape (magenta line), deformed shape (green line) and traction forces (cyan arrows), with each arrow scaled such that one unit of length on the axes represents a traction force of 250 Pa .(B) Graphs of the deformation index (left) and the total nuclear force (right). Data from at least three independent biological repeats and presented as mean ± SD. *p ≤ 0.05, **p ≤ 0.01 (One way ANOVA tests). BjhTERT n = 26, BjhTERTSv40TRas + C n = 43, BjhTERTSv40TRas + Tub n = 41. Scale bar: 10 µm.
3.4 Loss of the HDAC6 protein reverses the reduced size and more circular shape of transformed and invasive cells to normal with no effect on cells migration speed and directionality
We then wished to determine if oncogene-induced changes in the morphology of cells require the HDAC6 protein. To this end, we analysed the cell spreading area, the cell shape, the persistence and mean speed of the migration of transformed and invasive cells on glass, upon siRNA-mediated knockdown of HDAC6. We observed that the transformed and invasive cells showed a reduced spreading area which was accompanied by a more circular and less elongated cell shape, as compared to normal cells (Figure 4). Knockdown of HDAC6 in the transformed and invasive cells reversed these phenotypes to that of the normal cells. The persistence of cell migration was decreased in transformed and invasive cells, with no change in the speed of cell migration. We further observed a correlation between cell speed and persistence in these cells (Figure 4). Although HDAC6 knockdown did not result in significant change in speed and persistence of cell migration, it reversed the correlation between speed and persistence of the transformed and invasive cells to normal (Figure 4). Taken together, these observations indicate that the capacity of fibroblasts to metastasise is linked to a reduced capacity to spread and form an elongated cells shape, and to decouple the speed from the directionality of cell migration, and that HDAC6 protein levels can be important for this control.
[image: Figure 4]FIGURE 4 | siRNA-mediated HDAC6 knockdown reverses the reduced spreading area, and the loss of the elongated cell shape of transformed and invasive cells back to normal, with no effect on cell migration, speed or persistence. The (A) cell spreading area, (B) cell circularity, (C) aspect ratio, (D) cell migration persistance, (E) cell migration mean speed, and (F) Pearson’s correlation between mean speed and persistence of fibroblasts treated with siRNA or controls, as indicated. Data from three independent biological repeats. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001 (One way ANOVA tests). BjhTERT n = 81, BjhTERTSv40TRas + C siRNA n = 81, BjhTERTSv40TRas + HDAC6 siRNA n = 81.
3.5 Transformed and invasive cells show reduced size and increased numbers of focal adhesions, phenotypes further enhanced upon inhibition of HDAC6 deacetylase activity or HDAC6 knockdown
Cellular traction forces are exerted through the formation of focal adhesions with the substrate (Bershadsky et al., 2006). To clarify the basis for HDAC6 effect on cancer contractile forces, we therefore compared the size and numbers of focal adhesions in the transformed and invasive cells cultured on glass, to normal control, and after tubacin-mediated inhibition of HDAC6 or HDAC6 knockdown in the transformed and invasive cells. Both HDAC6-inhibition and knockdown reduced the area of the focal adhesions (p ≤ 0.001, p ≤ 0.01 and p ≤ 0.0001 respectively), and showed an increased number of focal adhesions smaller than 1 um2 (Figure 5). Both the treatment with tubacin and with the HDAC6-targeting siRNA also increased the acetylation of tubulin (Figure 6). Taken together, this indicates that oncogenes, as well as the HDAC6-dependent tubulin acetylation suppress the growth and/or stability of mature focal adhesion.
[image: Figure 5]FIGURE 5 | Transformed and invasive cells show smaller and increased number of focal adhesions, with further reduced sizes and increased numbers upon HDAC6 inhibition or HDAC6 knockdown. Left, representative images of normal, control or transformed and invasive cells treated with (A) tubacin (Tub) or DMSO control, or (B) HDAC6-targeting siRNA or control, showing phosphotyrosine (pY), F-actin, Vimentin, and merged images, as indicated, with quantification (right panel) of the average size of focal adhesions area and total size of focal adhesions area in μm2 (top panel) and frequency distribution of number of focal adhesions and total number of focal adhesions/cell (lower panel). Data is obtained from three independent biological repeats. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001 (One way ANOVA tests) (Frequency distribution test). For Figure 5A, BjhTERT n = 66, BjhTERTSv40TRas + C n = 76, BjhTERTSv40TRas + Tub n = 65. For Figure 5B, BjhTERT n = 49, BjhTERTSv40TRas + C siRNA n = 91, BjhTERTSv40TRas + HDAC6 siRNA n = 92.
[image: Figure 6]FIGURE 6 | Tubacin and HDAC6 siRNA increase the acetylation of ɑ-tubulin in transformed and invasive fibroblasts. Normal and transformed and invasive cells treated without or with Tubacin (A), or HDAC6 siRNA (B), showing total acetylated tubulin and GAPDH loading control, as indicated with corresponding graph quantifying ratio between acetylated ɑ-tubulin and ɑ-tubulin treated without or with tubacin (C). Data is obtained from three independent biological repeats **p ≤ 0.01.
4 DISCUSSION
Our data shows that the contractile force that cells exert on their environment is increased in transformed and invasive cells, while the force that they exert on their nuclei is decreased, as compared to normal control cells. This highlights the possibility that these forces are less coordinated, and the cytoskeleton and the mechanical properties of the cell are less integrated in the oncogene-expressing, transformed and invasive cells than in normal control cells. This is in line with previous observations that the expression of oncogenes in the cells we use results in the formation of actin-based lamellipodia (Rathje et al., 2014; Evans et al., 2022), structures, which, in mechanical terms, are relatively separate from the cell body, and even able to detach and move away from the cell (Munevar et al., 2001b; Aspenström et al., 2004). Oncogene-expression also results in a less polymerised cytoskeleton, with more soluble, and less filamentous actin, tubulin and intermediate filaments (Rathje et al., 2014). The transformed and invasive cells further show a pronounced cytoskeletal reorganisation, which includes a significant increase of the curvature of vimentin filaments and a collapse of vimentin from the cell periphery to a vimentin cage around the nucleus (Rönnlund et al., 2013; Evans et al., 2022). Because the increased curvature of vimentin filaments can be used as a proxy for loss of physical force on the filaments (Smoler et al., 2020), this suggest that the cytoskeletal force-transduction in invasive cells is defective. The transformed and invasive cells have also lost the elongated, polarised cell shape, and the directionality of cell migration (Figures 4, 5,; Rathje et al., 2014; Evans et al., 2022). Taken together, this suggests that the force-transduction from cell-matrix adhesions to the nucleus is defective in the transformed and invasive cells. To our knowledge, our data provides the first direct comparison and correlation between the physical traction forces that individual cells exert on the surrounding environment to the forces they apply on their nucleus, and how these are defective in transformed and invasive cells.
Our findings are in line with previous reports that show that metastasising cancer cells exert stronger forces on their environment (Kraning-Rush et al., 2012). However, it should be noted that the traction forces cells have also been reported to not be a reliable marker for cell transformation and metastasis (Mierke et al., 2008). Epithelial and mesenchymal cell types have fundamentally different composition and spatial organisation of their cytoskeleton and cell-matrix adhesions. It is possible that the phenotypes we observed are specific to cancer cells of mesenchymal origin. Tumours like malignant mesothelioma, various sarcomas or dedifferentiated epithelial cancers that express vimentin and display mesenchymal phenotypes can therefore be used for a future validation of this phenomena in cancer cells. We further observed that the loss of cell attachment reduced the forces on the nucleus, which is consistent with the concept that the anchorage of the cytoskeleton to the extracellular matrix via cell-matrix adhesions is important for cells to generate intracellular cytoplasmic force on organelles. The transformed and invasive cells showed an increased level of HDAC6, and the specific inhibition of HDAC6 activity by tubacin in these cells reversed the increased maximum forces to normal. We further confirmed that in our system, tubacin did not change the protein levels of HDAC6 (Supplementary Figure S5). We have previously shown that the selective inhibition of HDAC6 activity by tubacin in these cells reverses the cell spreading, shape and cell migration to normal (Evans et al., 2022). In this present study, we observe the same or similar effects upon siRNA-mediated HDAC6 knockdown. These observations are in line with our earlier observations that expression of the oncogenes c-Myc and SV40T in normal fibroblasts induces the HDAC6 protein levels, an HDAC6-dependent reorganisation of actin and vimentin filaments, and the stiffness of cells (Rathje et al., 2014). The size of cell-matrix adhesions was reduced by oncogene-expression, and not reversed, but rather further reduced by the loss of HDAC6 function and protein levels. Although both tubacin and siRNA-mediated HDAC6 knockdown increased the acetylation of alpha-tubulin, the effects on cellular force were opposite. A similar discrepancy has been observed in microtubule dynamics, where tubacin inhibition, but not siRNA-mediated HDAC6 knockdown reduces the growth and shrinkage velocities of microtubules, although both treatments increase tubulin acetylation (Zilberman et al., 2009). This study showed that HDAC6 is associated with microtubule plus-end linked proteins, and suggests that the presence of a HDAC6 protein with impaired catalytic activity, and not HDAC6-mediated deacetylation of tubulin, controls microtubule dynamics. Upon inhibition of HDAC6 by tubacin, HDAC6 would fail to dissociate from microtubules, resulting in the capping of the growing end of microtubules, which is known to suppress microtubule polymerisation and dynamics (Zilberman et al., 2009; Asthana et al., 2013). These results are in line with the hypothesis that cellular contractile force requires the binding of a functional HDAC6 to the plus end of microtubules which allows microtubule dynamics, and that HDAC6-dependent microtubule deacetylation suppresses the growth of focal adhesions and consequently the spreading, the elongated shape of cells, and the cell migration speed and directionality. Because microtubule acetylation is linked to an increased capacity of kinesin to transport proteins in the anterograde direction, toward the periphery of cells, on microtubules (Reed et al., 2006), we suggest that HDAC6-induced loss of microtubule acetylation prevents the delivery of proteins required for the maturation and growth of focal adhesions (Supplementary Figure S6). We do not exclude the possibility that HDAC6 can control acto-myosin contractile force via other substrate than tubulin, such as HSP90 and cortactin (Martin and Leibovich, 2005; Zhang et al., 2007). Cortactin promotes F-actin polymerisation and branching, resulting in the lamellipodia at the cell leading edges, which been linked to cancer invasiveness (Kirkbride et al., 2011), and the generation of traction forces of cells (Gad et al., 2012). Hence, the opposite effect we observe by HDAC6 inhibition or knockdown on extracellular traction forces can therefore also be due to that while HDAC6-mediated deacetylation of these substrates control the acto-myosin contractile mechanisms directly, the microtubule-binding capacity of HDAC6 exert an indirect, microtubule-mediated effect on acto-myosin generated force.
Our observation that the transformed and invasive cells showed increased forces on their surrounding environment, without an increased focal adhesion size or number, highlight the possibility that the size of focal adhesions or number cannot be used as a proxy for the level of transmitted force. This is in line with our previous observations in fibroblasts that rather link increased forces to the dissolution of large focal adhesion and rather to the increased density of nanoscale adhesions in the nanometer range, and dense bundles of very thin actin-fibres (Gad et al., 2012). This highlights the possibility that focal adhesion turnover, increased assembly, and/or reduced disassembly can regulate forces of cells. It should also be noted that a stiff underlying surface induces more pronounced cell-matrix adhesions and cytoskeletal structures than soft, and most research in cell adhesion, cytoskeleton, HDAC6 and migration is based on cells cultured on plastic or glass. To allow the maximal sensitivity of the analysis, and comparison to the previous knowledge in the field, we therefore performed all analyses on glass or plastic, except for the traction force measurements which, as required by the method, were performed on gels. Future analysis of cells on surfaces of different stiffness and structures would be of interest to clarify the role of oncogenes and HDAC6 in mechanosensation and -response. Our data highlight the possibility that the regulation of oncogenes on cell forces and cell migration, and the cytoskeleton and cell-matrix adhesions is governed by a balance between separate signalling pathways, including the separate deacetylase and protein-binding functions of HDAC6.
5 CONCLUSION
Our findings suggest that the cell transformation and invasion is accompanied by an increased physical force that cells exert on their environment, combined with a decreased intracellular cytoplasmic force on the cell nucleus, by a mechanism that requires HDAC6. The data is consistent with the hypothesis that oncogenes, via the separate deacetylase-, and protein-binding functions of HDAC6, regulate the physical forces that cells exert on their environment and nucleus, their cell-matrix adhesions, the cell spreading, shape, migration which promote the motility and invasion of cells in cancer.
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