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Abstract

Vimentin (Vim) marks epithelial-mesenchymal transition and increased Vim expression is associated with tumor

progression and poor prognosis in colorectal cancer (CRC). Unconventional myosin 10 (Myo10) is an actin-based

motor protein whose expression correlates with cancer metastasis, but the interactions of Myo10 with Vim in migrating

cells are not defined. Sections of human invasive CRC exhibited prominent colocalization of Myo10 with Vim in cell

extensions localized to the subjacent matrix, suggesting an association with local invasion. In mouse fibroblasts, Myo10

co-precipitated with Vim. Surface plasmon resonance showed high affinity binding of Myo10 to Vim (Kd 57 nM). By

STED microscopy and FRET analysis, we found that Myo10 interacted with Vim at the termini of cell extensions.

Deletion of Vim promoted accumulation of Myo10 at the cell periphery and reduced Myo10 at the tips of extensions.

Drug- mediated disassembly of Vim filaments promoted Myo10 retraction from cell extensions into the cell body. FRAP

showed that the mobility of Myo10 along cell extensions was impacted by Vim. Myo10 and Vim were required for

pericellular collagen degradation by MT1-MMP. Vim deletion reduced the transit of MT1-MMP to the tips of cell

extensions and down-regulated collagenolytic activity, which mediated cell invasion of the matrix. Deletion of Vim and

Myo10 was associated with reduced collagen fiber alignment and tractional remodeling of the collagen matrix. CRC

SW480 cells exhibited similar changes in Myo10 mobility and collagen remodeling after Vim knockdown, similar to

mEFs, suggesting that Vim-Myo10 interactions are an important feature of motile cells. Collectively these data indicate

that Vim binding to Myo10 promotes collagen remodeling and the generation of cell extensions required for cell

migration through soft connective tissues.

Zofia Ostrowska-Podhorodeckaa*, Isabel Dinga, Sevil Abbasia, Masoud Norouzia, Aiman Alic, Pamma D. Aroraa,

Timothy H.F. Wonga, Marco Magalhaesbcd and Christopher A. McCullocha

a Faculty of Dentistry, University of Toronto, Toronto, ON M5G 1G6, Canada
b Cancer Invasion and Metastasis Laboratory, Faculty of Dentistry, University of Toronto, Toronto, Ontario, Canada
c Oral Pathology and Oral Medicine, Faculty of Dentistry, University of Toronto, Toronto, Ontario, Canada
d Dental and Maxillofacial Sciences Department, Sunnybrook Health Sciences Centre, Toronto, Ontario, Canada

Qeios, CC-BY 4.0   ·   Article, April 30, 2022

Qeios ID: OP0XRM   ·   https://doi.org/10.32388/OP0XRM 1/28

https://www.qeios.com/read/OP0XRM#reviews
https://www.qeios.com/profile/8420
https://www.qeios.com/profile/13809
https://www.qeios.com/profile/13810
https://www.qeios.com/profile/13811
https://www.qeios.com/profile/13812
https://www.qeios.com/profile/13813
https://www.qeios.com/profile/13814
https://www.qeios.com/profile/13815
https://www.qeios.com/profile/13816


*Correspondence:

Z. Ostrowska-Podhorodecka,

Room 461, 124 Edward Street, Toronto, ON Canada M5G 1G6

e-mail: zofia.ostrowska.podhorodecka@utoronto.ca

Telephone: 437-772-4388

Key Words: vimentin, myosin-10, MT1-MMP, collagen remodeling

Abbreviations:

epithelial-mesenchymal transition, EMT

extracellular matrix, ECM

vimentin, Vim

unconventional myosin X, Myo10

membrane-type 1 matrix metalloproteinase, MT1-MMP

collagen, Col

 

Introduction
Cell motility and migration are essential for myriad physiological and pathological processes including wound healing,

tissue regeneration, and tumor metastasis. The importance of cell migration in metastatic processes and human health is

underlined for example by the contribution of invasive colorectal carcinoma to cancer-related deaths worldwide. In

developing nations, there has been a progressive rise in mortality rates as a result of poorly controlled colorectal cancer

(Rawla et al., 2019). In colon cancer, epithelial-mesenchymal transition (EMT) is associated with invasion and metastasis

(Brabletz et al., 2005). EMT manifests as loss of the epithelial phenotype and the acquisition of mesenchymal cell

characteristics, which has been modeled by SW480 cells, highly motile elongated cells with prominent cell extensions or

in the non-motile phenotype that are rounded (Lam et al., 2018). SW480 cells are widely used for study of cancer growth

and progression (Delaine-Smith et al., 2019).

        Transition through EMT involves the activation of new transcriptional programs, which initiate the disassembly of

intercellular junctions and detachment of epithelial cells from the underlying basement membrane (De Craene and Berx,

2013, Nieto, 2009, Thiery et al., 2009). Cells that undergo EMT often exhibit enhanced migration, which is associated with

reduced cytokeratin expression and increased expression of proteins associated with mesenchymal cell lineages

including vimentin (Vim) and type I collagen (Col) (Kaimori et al., 2007, Lamouille et al., 2014, Shibue and Weinberg,

2017). Cell migration relies on the coordinated regulation of cytoskeletal components including the Vim filament network,

which participates in the formation of polarized cell protrusions (Ding et al., 2020) and the assembly of intercellular

junctions (Sanghvi-Shah and Weber, 2017). Vim, a class III intermediate filament protein, is involved in the transfer of

mechanical force from cell-matrix adhesions to the cell interior (Gregor et al., 2014, Tsuruta and Jones, 2003). Increased

Vim expression is one of the hallmarks of EMT in epithelial cells and is associated with enhanced migration over the
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underlying extracellular matrix (ECM) and the progression and metastatic potential of several types of cancers (Terriac et

al., 2017, Danielsson et al., 2018, Strouhalova et al., 2020). Accordingly, there has been considerable interest in the role

of Vim in cancer cell migration through soft connective tissues. The relatively high abundance of Vim in mesenchymal

cells and its underlying dynamic structure (e.g., conversion of protofilaments to unit-length filaments to filaments),

contribute to the regulation of cell adhesion strength and 2D cell migration (Ding et al., 2020, Helfand et al., 2011,

Ostrowska-Podhorodecka et al., 2021). Further, Vim is an integral part of the adhesion complex that generates contractile

forces for cell migration but that also confers resistance to deformation of migrating cells (Messica et al., 2017, Petrie et

al., 2014). Despite intensive investigation, the mechanism by which Vim regulates Col remodeling in mesenchymal or

cancer cells, especially in the early stages of cell adhesion and spreading, is not well defined.

        Cell migration through soft connective tissues involves tractional remodeling and proteolysis of the extracellular

matrix (ECM). Focal proteolysis of ECM is one of the first steps in matrix invasion by cancer cells, which is mediated in

part by membrane-type 1 matrix metalloproteinase (MT1-MMP), a membrane-anchored proteinase expressed by invasive

cancer cells (Watanabe et al., 2013). Vim is required for efficient surface translocation of MT1-MMP, which facilitates cell

migration (Kwak et al., 2012) and penetration of the collagen matrix (Zhang et al., 2012). MT1-MMP promotes tumor

invasion by functioning as a pericellular collagenase that activates pro-MMP2 and is directly linked to tumor progression

(Aplin et al., 2009). MT1-MMP colocalizes with Myo10 at cell extension sites (Sun et al., 2019). Notably, silencing of

Myo10 expression in human breast adenocarcinoma cells reduces the activation of MT1-MMP, suggesting a central role

for Myo10 in controlling ECM degradation (Cao et al., 2014, Sun et al., 2019).

        Myosin 10 (Myo10), an unconventional myosin, is an actin-based motor protein that is concentrated at the leading

edge of cells and in early stages of cell spreading, Myo10 localizes at the tips of filopodia on the leading edge of cells,

where it undergoes repetitive forward and rearward movements. When overexpressed, Myo10 promotes increased

numbers and length of filopodia and their conversion to long cell extensions (Berg and Cheney, 2002, Hirano et al., 2011,

Zhang et al., 2004). Myo10 promotes filopodia formation by delivering specific cargos to the cell periphery (Tokuo et al.,

2007). In endothelial cells, Myo10 mediates the transport of VE-cadherin to cell edges and filopodia to support the

contacts between cells (Almagro et al., 2010). Myo10 promotes cell attachment to the ECM via its interaction and

trafficking of integrin to the tips of cell extensions, where Myo10 tethers integrin receptors, which is followed by talin-

dependent integrin activation (Miihkinen et al., 2021).

        We previously demonstrated how Vim expression regulates integrin-dependent cell adhesion and migration

(Ostrowska-Podhorodecka et al., 2021). Currently the functional relationship between, and the regulation of, Myo10 and

Vim, are not well-understood. Here we show a direct interaction between Myo10 and Vim in cell extensions, which

contributes to Col remodeling and MT1-MMP-dependent collagenolytic activity in the context of cell migration through soft

connective tissues and cancer progression.

 

Results
1. Vimentin colocalizes with myosin 10 in invasive colorectal cancer

Colorectal cancer (CRC) is one of the most common adenocarcinomas and exhibits progressive increases of

metastasis-related mortality every year (by 2% per year in people under 50 years and 1% per year in people 50-64
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years (Kim et al., 2020, Rawla et al., 2019, Howlader et al., 2022). The Cancer Genome Atlas indicates that the

expression of Vim, Myo10 or both leads to an unfavorable prognosis in cancer and that overexpression of Vim

decreased (p=0.02) patient survival in colorectal adenocarcinoma (NCI, 2022). There are no data on the impact of

simultaneous overexpression of Vim and Myo10. Accordingly, we performed immunohistochemistry of 26 tissue

samples obtained from the Ontario Tumor Bank that exhibited discrete stages of cancer progression (low to high

grade). All samples were processed under standardized conditions to minimize results variations due to processing

procedures and the precision of analysis was improved by drawing regions around the epithelial cells located on the

border of the tumor area to the stroma to avoid inclusion of only stroma (Rogojanu et al., 2015). Quantification of a

two‐channel colocalization between Vim and Myo10 in normal tissue (Figure 1A) and tumor (Figure 1B) showed

increased Pearson correlations between Vim and Myo10 in tumor specimens. Whereas the combined data from the

different stages of tumor samples showed ~12.6-fold (p=0.0089) higher colocalization of these proteins in tumor

epithelium, normal tissues from the same patients (Figure 1C) showed no differences in colocalization (p=0.1477)

(Figure 1D). Analyses of the Myo10 mean fluorescence intensity (MFI) detected in epithelium and stroma showed

~62% (p=0.0071) higher MFI of Myo10 in epithelium than stroma (Figure 1E) and no significant differences between

Myo10 signals from normal and tumor tissue from the stroma region (p=0.4028) and for Vim in epithelial (p=0.6978)

and stromal (p=0.4912) regions (Figure 1F).

 

2. Vimentin filaments regulate myosin 10 trafficking and localization

For examining potential mechanisms, we utilized three types of mouse embryonic fibroblasts (mEFs; WT, Vim KO, and

cells expressing Vim unit length filament, ULF) to analyze Vim- dependent spatial distributions of Myo10. Since many

of these experiments were performed on cells of the fibroblast lineage, we extended our findings with data obtained

from analyses of CRC SW480 cells (WT and Vim KD) that reflect Vim-Myo10 interactions in CRC tissue samples. As

increased Vim and Myo10 expression are often associated with cancer metastasis (Cao et al., 2014, Courson and

Cheney, 2015, McInroy and Maatta, 2007, Satelli and Li, 2011, Strouhalova et al., 2020), we assessed whether the

pattern of Myo10 distribution was related to alterations of protein expression by immunoblotting whole cell lysates

(Figure 2A). Time course experiments showed constant Myo10 expression for all mEF cell expressing Vim over 24h,

but there were higher levels of Myo10 in KO cells (p<0.02, Figure S1A). A similar analysis of SW480 cells showed

increased Myo10 over time (by ~22% between 3-24h; Figure S1A).

        Analyses of confocal images showed that deletion of Vim in mEFs altered the location of Myo10 in cells plated on

collagen (Col) (Figure S1B) and promoted the accumulation of Myo10 at the edge of cell extensions (Figure 2B).

Analysis of the number of cell extensions with Myo10 aggregated at the tips versus the total number of extensions

(Figure 2C) showed that deletion of Vim reduced the mean number of protrusions exhibiting aggregates of Myo10 at

their tips by 45% (p<0.0001) compared with wild type controls. A point mutation in the Vim sequence that prevents the

maturation of unit length filaments (ULF) to mature filaments (Robert et al., 2015) caused a time-dependent decrease

of Myo10 accumulation at the tips (40%; p<0.0001). Further, analysis of Vim-rich SW480 cells (Figure S1C) showed

robust suppression (by ~87%; p<0.001, Figure S1D) of tip-localized Myo10 after Vim KD compared with control siRNA.

        We assessed whether Myo10 associates with soluble vimentin by immunoprecipitation of lysates prepared from
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cells previously plated on Col, which showed that Myo10 associates with soluble vimentin (Figure 2D). The spatial

relationship of Vim and Myo10 was examined in intact cells with stimulated emission depletion microscopy (STED).

Super-resolution images of the tips of cell extensions showed that Vim aggregates were closely associated with Myo10

aggregates in mEF WT cells (Figure 2E). Quantification of immunostained images by Pearson correlation showed

~57% (p<0.0001) colocalization of Vim with Myo10 for mEF WT cells. MEF ULF cells showed significantly lower Vim

and Myo10 colocalization (36%; p<0.0001 Figure 2F). We also examined Vim KO cells for potential non-specific

interaction and found that the correlation of Myo10 with background Vim signal was 10-fold lower than WT cells. When

the same analysis was applied to SW480 cells (Figure S1E), colocalization of Myo10 with Vim was reduced in Vim

knockdown cells (by 46%, p<0.0001; Figure S1F).

        As immunoprecipitation and co-localization of immunostained samples do not provide direct evidence for

interaction between Vim and Myo10, we used fluorescence resonance energy transfer (FRET) to examine binding in

intact cells co-transfected with Myo10-GFP (donor) and Vim-RFP (acceptor) that were then plated on Col for 3h. Donor

and acceptor pre- and post-bleach images (Figure 2G) were used to calculate mean FRET efficiencies. Consistent

with the data from co-localization studies (Figure 2F), mEF WT exhibited the highest energy transfer efficiency (E=

~40% ± 2.2%) between Vim and Myo10. In contrast, presumptive alterations in the equilibrium of Vim assembly and

disassembly provoked a marked reduction in FRET efficiency in mEF ULF (E= 19% ± 4.3%, Figure 2H). Vim

interaction with full-length recombinant Myo10 was further characterized by surface plasmon resonance (SPR). SPR

experiments were carried out with purified Myo10 immobilized on to an amine sensor chip (Nicoya). Analyses of Vim

binding curves (Figure S1G) indicated that Vim tightly bound to immobilized Myo10 (mean±standard error Kd=

57±0.029 nM).

        We analyzed whether Vim structure and solubility contribute to the interaction of Vim with Myo10. Cells were

treated with IPA3, a specific p-21 kinase (PAK1) inhibitor (Rudolph et al., 2013) that strongly affects Vim assembly and

cell extension formation (Ostrowska-Podhorodecka et al., 2021). Confocal imaging showed that IPA3 suppressed the

trafficking of Myo10 into cell protrusions, strongly reduced the size of Myo10 aggregates at the extension tips and

promoted the accumulation of Myo10 in the cell body (Figure 2I). Quantification of the size of Myo10 aggregates

(measured by STED) showed that in cells with no or poorly developed Vim filaments (i.e., mEF KO or ULF), the size of

Myo10 aggregates was reduced by ~40% (p<0.0097) at the tips of cell extensions, which was not further reduced by

IPA3 treatment (Figure 2J). In contrast, for mEF WT cells, IPA3 reduced the size of Myo10 aggregates by 53%

(p<0.0018) compared with untreated WT cells. SW480 cells, which mainly express insoluble Vim filaments, showed

similar sizes of Myo10 aggregates and reduction after IPA3 treatment (~47%, p<0.0007). Collectively these data

indicate that mature Vim filaments promote the aggregation of Myo10 at the tips of cell extensions.

        We examined whether increased Vim solubility may impact Vim-Myo10 interactions. Treatment with IPA3 did not

markedly affect the interaction between Vim and Myo10 in mEF cells in whole cell lysates. Immunoprecipitation of

Myo10 that associated with Vim after IPA3 treatment was increased by 76% (p=0.0024; adjusted for Myo10 input) for

SW480 cells (Figure 1K, L). Changes of Vim solubility induced by IPA3 in SW480 cells promoted a 50% increase of

Vim that immunoprecipitated Myo10 (p=0.0198; adjusted for Vim input; Figure 2K, M). These data likely reflect

increased solubility of Vim in cytosol after IPA3 treatment that is consistent with aggregation of Myo10 particles in the
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cell body (Figure 2I).

 

3. Vimentin regulates myosin-10 dynamics

As the abundance of Vim filaments affect the formation and stabilization of cell extensions during cell migration (Ding

et al., 2020, Ostrowska-Podhorodecka et al., 2021), we evaluated the contribution of Vim to the movement of eGFP-

tagged Myo10 by fluorescence recovery after photobleaching (FRAP). After 3 h of culture on fibrillar Col (1 mg/ml),

cells were photobleached, and fluorescence recovery was measured for 150 s after bleaching (Figure 3A). All data

were normalized to the non-bleached region of interest. Aggregated FRAP curves for each cell type (n=20 for each cell

type) showed that cells with impaired Vim networks exhibited slower Myo10 fluorescence recovery (Figure 3B). Based

on the pre- and post-bleaching measurements, we calculated the % mobile fraction and half-time (t1/2) recovery of

Myo10 aggregates. Depletion or reduction of Vim filaments (in KO or ULF cells) reduced the mobile fraction of Myo10

by 72% and 56% (respectively, p<0.0001, Figure 3C). Moreover, these alterations of Vim induced 2-fold slower half-

time recovery (KO p<0.034 and ULF p<0.0078; Figure 3D). Further, reconstituted expression of Vim in mEF null cells

completely restored the Myo10 mobility and fluorescence recovery time (compared with WT cells). KD of Vim in

SW480 cells showed a similar trend in which the mobile fraction of Myo10 was reduced by 50% (p=0.0016) compared

with untreated SW480 cells (Figures 3B, C). In addition, the mean recovery half-time for SW480 KD cells was ~63%

(p=0.0016) lower than SW480 cells treated with control siRNA (Figure 3D).

        Analysis of the velocity of Myo10 clusters in cell extensions (recorded over 5 min, frame/sec) by live-cell imaging

(Figure S2A) showed that the processive movement of Myo10 was dependent on Vim expression. With the use of the

Fiji tracking feature, we measured the velocity of Myo10 aggregates in cell extensions (n=35 extensions measured for

each cell type plated on Col). Depletion of Vim was associated with 80% (p<0.0001) reduction of Myo10 velocity in cell

extensions (Figure 3E; Figure S2B). Moreover, cells that expressed Vim ULF showed 25% (p=0.0174) slower Myo10

movement, which was consistent with FRAP data. Restoration of Vim expression by transfection with a Vim

plasmid showed 3-fold higher (p=0.0035) Myo10 velocity compared with KO cells.

 

4. Vimentin expression effects collagen reorganization and tractional remodeling

The data above showed that Vim affects Myo10 trafficking in cells plated on Col, but it is not known whether this

association is required for Col remodeling. We quantified the effect of deleting Vim expression on cell-mediated Col

remodeling by traction forces in cells cultured for 6 h in Col gels (1 mg/ml) and imaged by confocal reflection

microscopy (Figure 4A). Collagen alignment was measured in fixed-size regions in the cell periphery and normalized

to fixed-size areas in areas of the gels without cells. Compared with mEF WT cells, mEF KO and ULF exhibited ~45%

(p<0.0006) and ~35% (p<0.0062) lower Col fiber alignment, respectively. On the other hand, re- expression of Vim

increased alignment compared with Vim null cells (by 26%; p<0.015; Figure 4B). We analyzed the abundance of Col

fibrils in discrete sampling grids to assess Col compaction, which showed that loss of Vim (in mEF cells) or depletion of

Vim filaments (in ULF cells) reduced Col compaction (by ~26%; p<0.0001 and ~10% p<0.024, respectively; Figure

4C). Analyses of SW480 cells showed reduced Col alignment (~36%; p<0.0012) after Vim KD and Col fiber

compaction (11% (p<0.0006; Figures 4B and C). 
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        We assessed the impact of Myo10 KD (by Myo10 siRNA transfection) on Col remodeling (Figure 4D). Analysis of

Vim-positive cells showed 33% (p<0.0012) lower Col alignment after Myo10 deletion, which was similar to data

obtained for mEF Vim KO cells (31%; p<0.0124). Treatment of Vim KO cells with Myo10 siRNA did not further affect

Col remodeling (Figure 4E). Measures of Col compaction showed a similar trend after KD of Myo10 (~ 20% reduction;

p<0.0001 compared with WT control and mEF KO cells; Figure 4F). Reduction of Myo10 in mEF KO cells did not

change Col compaction. These results indicate that intact Vim filaments are important for cell-directed Col deformation

associated with cell migration and with Vim-Myo10- dependent Col remodeling.

        Fibrillar Col in connective tissues are organized into complex and diverse hierarchical networks (Fang et al.,

2012). We examined whether Col fiber structure was affected by Vim expression (Vim WT or Vim null) and the

presence of Vim filaments (Vim WT or SW480 cells). We quantified D-spacing in collagen fibrils at the micrometer to

sub-micrometer scale by Atomic Force Microscopy (AFM) imaging and two-dimensional Fast Fourier Transform (2D

FFT) analysis. AFM images (Figure S3A) of mEF WT, KO and SW480 plated on Col gels showed that fibrils from

different cell types exhibited distinctively different D-spacings. Compared with WT cells, deletion of Vim resulted in a

small but significant (5%; KO p<0.0065) reduction of the width of D-bands immediately underlying cells (Figure S3B).

Collectively, these data suggested that Vim expression affects discrete structural aspects of Col fibers.

        We examined the contribution of Vim to Col tractional remodeling by seeding cells at low density on to Col gels

containing paramagnetic beads (2 mm diameter) as positional markers. Collagen substrate deformation was calculated

from bead displacements (Figure 4G) using particle image velocimetry for 0–5 h after cell attachment (Coelho et al.,

2020). Analysis of the resultant heat-color-coded vector map showed maximum collagen substrate deformations near

the cell centroid. Deletion of Vim or the in cells that were unable to generate Vim filaments (ULF) was associated with

a ~2-fold decrease of substrate deformation in KO and ULF cells compared with WT cells (KO p<0.0026; ULF

p<0.043; Figure 4H).

        Cell migration through soft connective tissue relies on Col remodeling (Arora et al., 2015, Coelho et al., 2020, Lu

et al., 2011). We examined whether Vim expression is required for Col proteolysis by quantifying degraded pericellular

Col with neo-epitope antibodies that recognize 3⁄4 Col degradation fragments (Yuda and McCulloch, 2018, Wolf et al.,

2007). There was ~43% (p<0.0001) reduced fluorescence intensity of immunostained degraded Col in fixed and

permeabilized Vim KO cells compared with WT cells for mEF and SW480 cells. In contrast, cells expressing Vim ULF

showed similar levels of degraded pericellular Col as WT cells (Figure 4I, and 4J), suggesting that Col proteolysis is

dependent on Vim expression but not the formation of Vim filaments.

 

5. Vimentin expression controls fibrillar collagen degradation by regulating MT1-MMP. 

The structure of native fibrillar Col contributes to its resistance to degradation by most proteases. But certain

collagenases (MMP1, MMP8, MT1-MMP) exhibit triple helicase activity and can efficiently degrade fibrillar collagens

(Lee et al., 2019, Lu et al., 2011). As a result of its anchorage to the plasma membrane, MT1-MMP is particularly

effective for pericellular Col proteolysis (Marcink et al., 2019). As Vim associates with the cytoplasmic tail of MT1-MMP

in 3D endothelial cultures (Kwak et al., 2012), we examined whether Vim expression regulates the localization of

immunostained MT1-MMP in non-permeabilized cells (Figure 5A). There was a 39% (p<0.0001) reduction of the mean
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plasma membrane-associated MT1-MMP fluorescence in Vim-deficient cells compared with WT cells. Expression of

Vim ULF showed a smaller reduction (~19%) of MT1-MMP fluorescence compared with WT cells (p=0.004; Figure 5B).

        We assessed whether intracellular trafficking of MT1-MMP is dependent on Vim and Myo10 expression. We

performed FRAP assays for mEF WT and mEF Vim KO cells transfected with a GFP-MT1-MMP plasmid and that were

co-transfected with Myo10 siRNA (the Myo10 KD efficiency is presented in Figure 5C). After 3h of cell culture on

fibrillar Col, cells were photobleached and fluorescent recovery was recorded for 150 s (Figure 5D). Data were

normalized as described above; aggregated FRAP curves for each cell type (n=20 for each cell type) are shown in

Figure 5E. Calculation of half-time recovery showed that loss of Vim or Myo10 in cells resulted in 2.5-fold (p<0.0012

and p<0.0066, respectively) slower fluorescence recovery (Figure 5F).Concurrently, the relevant mobile fraction was

~28% (p<0.0068) lower for Vim KO cells compared with WT, and the depletion of Myo10 greatly reduced MT1-MMP

mobility (< 80%, p<0.0001; Figure 5G).

As Myo10 colocalizes with MT1-MMP (Sun et al., 2019), we analyzed the membrane- associated fraction of

immunostained MT1-MMP in non-permeabilized cells by flow cytometry (Figure 5H). Compared with WT cells, Vim KO

cells exhibited 22% (p<0.002) reduction of membrane-associated MT1-MMP fluorescence. No detectable changes in

the membrane fraction of MT1-MMP were found in ULF cells compared with WT cells (p>0.53). Further, we analyzed

MT1-MMP levels by western blotting of focal adhesion complex proteins and of total cell lysates prepared from cells

grown on Col (Figure 5I). MEF KO cells exhibited lower expression of MT1- MMP than WT, but there was a larger

(p<0.05) fraction of activated MT1-MMP in the focal adhesion samples. Whereas ULF cells were not significant

different from WT cells (p>0.27), which is consistent with the flow cytometry data (Figure 5J). These results suggested

that Vim expression is involved in the MT1-MMP-dependent up -regulation of Col remodeling by migrating cells.

 

Discussion
Our major findings are that Vim impacts collagen remodeling by directly interacting with the cell extension tip marker,

Myo10, and that Vim regulates Myo10 trafficking at the cell extension tip, which enhances tractional remodeling (Figure 6).

This process may be of considerable importance in cell migration. These data illuminate how Vim is related to EMT, a

biological phenomenon in which non-migratory epithelial cells acquire the migratory behavior of mesenchymal cells. As

increased Vim expression and reduced cytokeratin are hallmarks of EMT progression (Acloque et al., 2009, De Craene

and Berx, 2013, Nieto et al., 2016), our data advance understanding of EMT, which could facilitate the development of

novel therapeutics for fibrosis (Rout-Pitt et al., 2018) and many types of human cancers (Nieto, 2009, Thiery et al., 2009,

Rawla et al., 2019).

        Colorectal cancer (CRC) is one of the most common malignancies in developed countries and remains a major cause

of death (Kim et al., 2020). The overexpression of Vim filaments is associated with CRC metastasis and poor prognosis

(McInroy and Maatta, 2007, Toiyama et al., 2013, Lazarova and Bordonaro, 2016). Our analysis of human CRC tissues

indicated a positive correlation between Vim and Myo10 colocalization in tumor epithelium. Our findings suggest that the

Vim-Myo10 interaction is correlated with cancer progression. Deeper insights into this phenomenon may open new

possibilities for drug development. Thus, the interaction between Vim and Myo10 might provide a new potential target for

CRC treatment.
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        Previous data demonstrate that the number and length of filopodia are directly regulated by Myo10 (Plantard et al.,

2010, Margiotta et al., 2017) and by Vim filaments (Ostrowska- Podhorodecka et al., 2021). To the best of our knowledge,

no published data indicate that Vim directly interacts with Myo10 to modulate cell migration-dependent matrix remodeling.

We found that Vim complexed with Myo10 at the tips of cell extensions and that depletion of Vim strongly impacts Myo10

localization, which then causes accumulation of Myo10 behind the leading edge of migrating cells. These data underline

an essential regulatory role of Vim in Myo10-dependent cell extension formation. 

        Soluble Vim immunoprecipitates with NMIIA/B (Menko et al., 2014), which is similar to our data of Vim and Myo10.

Vimentin filaments undergo dynamic reorganization during cell motility and Vim oligomers (ULFs) rapidly exchange

subunits with the soluble vimentin pool (Robert et al., 2016). However, we found that the Vim-Y117L mutant (ULF cells)

showed limited interaction with Myo10, suggesting that residues in the N-terminal of Vim may contain a Myo10 binding

site. These data corroborate and are consistent with our FRET experiment showing lower energy transfer in ULF cells.

Further, our SPR data showed high-affinity binding of soluble recombinant Vim with full-length Myo10. Notably, the Kd

estimated from SPR data (57 nM) is similar to Kds obtained for Vim binding to a membrane glycoprotein CD44 (SPR-37

nM and isothermal titration calorimetry – 74 nM) (Pall et al., 2011). 

        Colon cancer SW480 cells show a high level of Vim expression (Zeindl-Eberhart et al., 2014, Toiyama et al., 2013).

We found that most of the Vim in these cells is present as insoluble filaments; only a small fraction was soluble. When we

inhibited PAK-1 activity with IPA3, an intervention that increases the pool of soluble Vim (Rudolph et al., 2013, Ding et al.,

2020), we found increased Vim-Myo10 association. We also discovered that perturbation of Vim filament structure by

IPA3 resulted in the retraction of Myo10 from cell extensions to the cell body, further supporting a role for Vim filament

assembly in the trafficking of Myo10 toward the tips of cell extensions. 

        Previous FRAP analyses of single Vim filaments in the periphery of cells showed fast retrograde movement (~520

nm/s) (Leduc and Etienne-Manneville, 2015). Intra-filopodial single- molecule movement of Myo10 is estimated at

461±277 nm/s (Watanabe et al., 2010). The similarity of these data suggests that Vim and Myo10 may move together

during filopodial formation and is consistently with our data indicating depletion of Vim reduced the mobility of Myo10 in

cell extensions.

        Vim expression is associated with increased collagen accumulation and re-epithelialization of healing wounds

(Cheng et al., 2016, Cheng and Eriksson, 2017). Our findings corroborate and are consistent with previous data

demonstrating that Vim-deficient fibroblasts exhibit reduced collagen contraction compared with wild-type cells (Eckes et

al., 2000, Eckes et al., 1998). In addition, we found that the fibril D-spacing was affected by Vim expression and possibly

by the interaction of Vim with Myo10. Extensively crosslinked collagen fibrils and subsequent stiffening of the ECM can

lead to increased invasion of cancer cells (Levental et al., 2009, Yu et al., 2011, Coelho et al., 2020). Consequently, the

growth of CRC cells leads to collagen compaction (Delaine- Smith et al., 2019), which is consistent with our data showing

that SW480 cells avidly contract and compact collagen, and that this process is suppressed by Vim deletion.

        Collagen degradation is mediated by specific MMPs such as MT1-MMP, which are expressed by cells at the wound

site (Cox and Erler, 2011). We found that Vim expression regulates collagen degradation through Myo10-dependent

control of MT1-MMP secretion. Earlier data indicate that Myo10 plays a role in ECM degradation as Myo10 localizes to

podosomes in osteoclasts (McMichael et al., 2010). Moreover, strong colocalization of MT1-MMP with Myo10 in
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presumptive podosomes suggests a key role of Myo10 in collagen degradation (Sun et al., 2019). Further, the catalytic

activity of certain proteases (MMP2, MT1-MMP) is reduced when Myo10 is silenced in breast cancer tumors (Cao et al.,

2014). Notably, Vim is required for surface translocation of MT1-MMP in endothelial cell sprouting (Kwak et al., 2012).

Consistent with these data we found that loss of Vim disables MT1-MMP translocation to the plasma membrane because

of abrogation of Myo10 trafficking.

        In summary we provide the first demonstration of a crucial role for the binding of Vim to Myo10 in regulating Myo10

trafficking and targeting MT1-MMP-dependent Col proteolysis. Collectively these processes strongly impact matrix

remodeling and cancer cell invasion of soft connective tissues. Future studies are needed to assess whether suppression

of the Vim-Myo10 interaction affects the progression of colon cancer.

 

Materials and Methods
Reagents and antibodies

Goat anti-rabbit IgG H&L (DyLight® 488) (ab150077), rabbit anti-vimentin (EPR3776, ab92547), rabbit anti-MT1-MMP

(EPI264Y, ab51074) antibodies, 100x Citrate Buffer pH 6.0 (Antigen Retrieval Buffer; ab9367), Sea Block Serum free,

PBS (# 166955) were purchased from Abcam (Cambridge, MA). Rabbit anti-Collagen Type 1 (3/4 fragment), pAb (0217-

050) was from (ImmunoGlobe Antikörpertechnik GmbH, German). Chicken anti-vimentin antibody (N13300- 223) was

purchased from Novus Biologicals (Littleton, CO). Mouse anti-β-actin (A1978) and rabbit anti-myosin 10 (HPA024223)

antibodies, DAPI were obtained from Sigma-Aldrich (St. Louis, MO). Alexa Fluor® 488 goat anti-mouse (A11001), Alexa

Fluor® 568 goat anti-rabbit (A- 11011) secondary antibodies, and rhodamine phalloidin, were from (Invitrogen, Carlsbad,

CA, USA). Alexa Fluor® 647 AffiniPure F (ab')2 fragment donkey anti-chicken IgY (H+L) (703-605- 155) secondary

antibody was from Jackson ImmunoResearch (West Grove, PA). BCA protein assay (Pierce), RIPA lysis and IP lysis

buffer and Lipofectamine 3000 reagent were obtained from ThermoFisher Scientific (Mississauga, ON). Type I Bovine

Collagen Solution (3 mg/ml and 6 mg/ml) was from Advanced BioMatrix (San Diego, CA). Plasmids containing pEGFP-

Myo10 (#87256), mTagRFP-T-Vimentin (#58029) were obtained from Addgene (Cambridge, MA). ON- TARGETplus Non-

target Pool 5 nmol, ON-TARGETplus siRNA Reagents-VIM 5 nmol were obtained from Horizon (Lafayette, CO). Mouse

Myo10_6 FlexiTube siRNA (ID SI04252822) was purchased from GeneGlobe (Qiagen) (Germantown, MD, USA).

Recombinant full-length Myo10 was obtained from Creative BioMart� (Shirlry, NY, USA). Recombinant Vim was a kind gift

from P.A. Janmey (University of Pennsylvania, PA, US).

 

Cell culture and transfection

Vimentin-positive mouse embryonic fibroblasts (mEF WT) and vimentin-null (mEF KO) were derived from wild type and

vimentin knockout mice, that were originally isolated by J. Ericsson (Abo Akademi University, Turku, Finland); mEFs

expressing unit length filaments (ULF) were obtained from V. Gelfand (Northwestern University, Chicago, USA). This cell

type contains a point mutation (Y117L) in Vim, which results in the inability of Vim to polymerize into filaments. SW480

cells, which are a cancer line that express vimentin filaments, were obtained from ATCC. All cells were cultured at 37°C in

complete DMEM containing 10% FBS, penicillin 100 U/mL, and streptomycin 100 μg/mL. For vimentin siRNA transfection

cells were trypsinized and plated on 6 well plate to 60-70% confluence. Vim re-expression was done by co-transfection
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with vim- containing plasmids. To obtain Vim or Myo10 KD, cells were transfected with respective siRNAs using

Lipofectamine 3000. As a transfection control cell were treated with non-target control Dharmacon ON-TARGET plus

transfection reagents according to the manufacturer. Cells were grown for 48 h, lysed in the RIPA buffer, and whole-cell

lysates were collected. Protein concentrations were determined by the BCA protein assay (Pierce). Equal amounts of

proteins from each treatment condition were separated on 8% acrylamide gels and immunoblotted to estimate the

efficiency of the KD.

 

Immunoblotting

Cells were plated on collagen-coated 100 mm dishes and lysed with RIPA buffer (25 mM Tris- HCl pH 7.6, 150 mM NaCl,

1% NP-40, 1% sodium deoxycholate, 0.1% SDS) supplemented with 1 mM PMSF, 1 mM NaVO3, 10 μg/ml protease

inhibitor cocktail. Equal amounts of proteins were loaded on 8% polyacrylamide gels, resolved by SDS/PAGE and

transferred to nitrocellulose membranes for 18 h. The membranes were blocked with 5% BSA-TBS for 1 h followed by

overnight incubation with primary antibodies. Membranes were washed and incubated with respective secondary

antibodies for 1 h in TBS supplemented with 0.1% Tween-20 at room temperature. All immunoblots were performed in

triplicate. Blots were visualized with a Li-Cor Odyssey imager (Lincoln, NB) and quantified by densitometry with ImageJ

software. 

 

Immunostaining and microscopy analysis 

In experiments, cells were cultured on collagen (fibrillar;1 mg/ml), fixed with 1% PFA for 15 min, permeabilized in 0.2%

Triton X-100 for 10 min, and blocked with 1% BSA. Samples were incubated with appropriate primary antibodies for 1 h at

37°C. Cells were washed with PBS and stained with secondary antibody as indicated. In most experiments, cells were

stained with DAPI (10 μg/ml) and rhodamine-phalloidin for actin filaments. Images were obtained with a TCS SP8

confocal microscope (Leica Microsystems, Wetzlar, Germany) equipped with a ×40 oil-immersion objective lens, Zeiss

LSM 800 Confocal (Germany) and STEDYCON, capable of achieving lateral STED resolution of <40nm, depending on

dyes used. Mounted on an inverted Leica DMI6000B microscope. Analysis and quantification of acquired images were

done with ImageJ software. The cell outline was determined using the cell outliner plugin

(https://imagej.nih.gov/ij/plugins/cell- outliner.html). Pearson correlation coefficients were determined with JACoP (Just

Another Colocalization Plugin) (https://imagej.nih.gov/ij/plugins/track/jacop.htmlv) in Fiji. The number and area of Myo10

particles were quantified on fluorescence images acquired by STED microscope according to the method described in

(Coelho et al., 2017). The number and area of Myo10 particles were obtained with the Analyze Particles program in Fiji.

 

Förster Resonance Energy Transfer (FRET)

Acceptor Photobleaching-FRET was performed on a Leica SP8 confocal microscope with the Leica AP-FRET mode.

Photo-bleaching was minimized during acquisition by using low laser power (10% for 488 nm and 552 nm). A region of

interest (ROI; 1×1 μm) was chosen in selected areas and 100% laser power was used with eight iterations for photo-

bleaching the acceptor mFRP–Vim. Pre-bleach and post-bleach images were acquired using the same settings. The

efficiency of energy transfer (E%) was calculated using the equation: E% = (Donor post-bleach−Donor pre-bleach) ×100/
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(Donor post-bleach).

 

Surface plasmon resonance (SPR) measurement

Nicoya (Lifesciences) OpenSPR was used to measure interactions of immobilized Myo10 with recombinant vimentin as an

analyte. As a running buffer PBS (phosphate buffered saline pH 7.4) was applied, at a flow rate of 20 μl/min at RT. Myo10,

10 μg/ml in Activation Buffer, was immobilized on an Amine sensor chip using EDC/NHS coupling kit according to the

manufacturer's instruction. Vimentin in PBS was added at different concentrations ranging from 0.25 to 2 M were injected

in the flow channel with immobilized Myo10, and dissociation was recorded for 300 s. Selection of the concentrations used

for Vim depended on the signal obtained from injected analyte. Each Vim injection step was followed by a regeneration

step (injections of 10 mM Glycine/HCl pH 1.5 for 300 s). Each sensogram was corrected for the bulk injection of 5 μM BSA

in PBS buffer and a signal from the PBS flow channel. Data were analyzed with TraceDrawer software. One state model

was fit to each binding curve to calculate association (ka) and dissociation (kd) rate constants. The apparent equilibrium

binding constant (KD) was calculated by dividing kd by ka obtained from each sensogram.

 

Fluorescence recovery after photobleaching (FRAP)

FRAP analysis was performed as described in (Coelho et al., 2020). Briefly, FRAP was performed using Leica TCS SP8

confocal microscope in the FRAP module. Cells transiently transfected with eGFP-Myo10 plasmid were cultured for 6 h on

either collagen or fibrinogen. In FRAP experiments the region of interest (ROI; 1×1 μm) was photobleached and

fluorescent recovery was monitored for 180 s after. Images were analyzed with FIJI software. To compensate for cell drift,

the Linear Stack Alignment with SIFT plug-in was used. Fluorescence value measurements were then exported to

Microsoft Excel where they were normalized and scaled between 0–1 using:

 

Inorm =

[(Ibleach − Inonbleach) − max(Ibleach − Inonbleach)]
max(Ibleach − Inonbleach) − min(Ibleach − Inonbleach)

 

To perform curve fitting analysis, plot, and do statistical analysis of the various parameters obtained from the double

exponential equation we utilized GraphPad Prism (San Diego, CA, USA).

 

Atomic force microscopy analysis

Fibrillar collagen substrates were prepared from pepsin-solubilized bovine dermal type I atelocollagen. Stock collagen

solutions were diluted to a final concentration of 1mg/mL and neutralized with 0.1M NaOH to pH=7.4. Prior to the addition

of collagen solutions, MatTek 50mm glass bottom culture dishes were exposed to oxygen plasma, followed by immediate

coating with 2% APTES and 0.1% v/v glutaraldehyde, washed and air-dried. Collagen solutions were then added to the

center of the glass well and covered with an untreated glass coverslip. After collagen polymerization at 37oC in 5% CO2

for 90 min, coverslips were gently detached from the fibrillar collagen gel by warm PBS. Cells were added directly on top

of the collagen gel and incubated at 37oC in 5%CO2 until filopodial initiation began (>3hrs). They were fixed with 4%PFA,
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permeabilized with 0.2% TritonX-100, and washed with 1xPBS. Extensive washing with deionized water was also

performed before air-drying thoroughly at room temperature. Imaging was carried out in ambient conditions on a

MultiMode AFM with Nanoscope III controller (Digital Instruments, Santa Barbara) and silicon cantilevers (OTESPA-R3,

Bruker AFM probes, Santa Barbara, CA, USA). The amplitude set point was adjusted to 75% of the default to minimize

potential damage to the collagen structure.

 

Collagen remodeling

Glass-bottom 50 mm dishes were sterilized with UV light, coated with 2% APTES (Sigma-Aldrich) and washed extensively

with distilled water, and immersed in 0.1% glutaraldehyde (Caledon Laboratories, Canada). Then dishes were coated with

fibrillar collagen (1mg/ml), which was left to polymerize for 1 h at 37°C. Cells were plated on collagen-coated substrates

for 5 h before fixing with 4% paraformaldehyde for 10 min and being permeabilized with 0.2% Triton X-100 for 10 min.

Fibrillar collagen images were quantified to provide estimates of the remodeling activity using two approaches:

compaction (fibril intensities) and reorganization (alignment index) of collagen fibers around cell extensions (Coelho et al.,

2020). To determine collagen compaction collagen fibrils intensities in fixed areas around the cell extensions were

measured in each sample and normalized against collagen intensities in samples without cells. Local collagen fiber

alignment was quantified using Fast Fourier Transform (FFT) and Oval Profile (ImageJ plug-in) as described earlier

(Mohammadi et al., 2015).

 

Collagen tractional remodeling

Widefield microscopy (Zeiss Axiovert 135) was used to image collagen tractional remodeling in environmentally controlled

conditions (37°C/5% CO2). Cells were cultured at low density into collagen gels (1 mg/mL) with 2μm diameter polystyrene

microbeads. Cells (mEF WT, mEF vim KO and ULF) were then plated on the collagen gels. The initial bead position was

determined 1 h after cell seeding, when cells were properly attached to the gel surface. A time series of 120 images was

collected at a frequency of one image every 5 min. Image stacks were aligned using Image J plug-in Linear Stack

Alignment with scale-invariant feature transform (https://imagej.net/Linear_Stack_Alignment_with_SIFT). Collagen

deformation was calculated from bead displacements using particle image velocimetry (PIV) for 0–5h after cell

attachment. 

 

Flow cytometry

For quantification of the membrane-associated MT1-MMP cells were plated on collagen (1 mg/ml)-coated 100 mm dishes

for 3 h (Segal et al., 2001). Cells were washed and incubated with primary antibodies (rabbit anti-MT1-MMP) for 1 h in

37°C on live cells. Cells were washed with ice-cold PBS, scraped immediately with Versene solution and fixed with 1%

PFA. Cells were washed with PBS, stained with FITC-conjugated anti-rabbit secondary antibodies and analyzed by flow

cytometry (Sony SA3800 Spectral Analyzer).

 

Immunoprecipitation

Cells were cultured on collagen-coated 150mm dishes for 3h and lysed in IP lysis buffer (25 mM Tris-HCl pH 7.4, 150 mM
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NaCl, 1 mM EDTA, 1% NP-40 and 5% glycerol) containing 1 mM PMSF, 1 mM NaVO3, 10 μg/ml leupeptin, and 10 μg/ml

aprotinin. Equal amounts of protein from cleared extracts were immunoprecipitated with the Dyna-beads® Protein G (Life

Technologies) according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA) with primary antibodies as

indicated. Beads were separated by magnetic stand and washed 2x with an IP buffer. Beads were resuspended in 2x

Laemmli sample buffer and boiling for 10 min for immunoprecipitated proteins elution. Clear lysates were analyzed by

western blot.

 

Isolation of focal adhesion proteins

Cells were cultured to 80–90% confluence on 100 mm tissue culture dishes and then incubated with 1 mg/ml collagen-

coated magnetite beads. Focal adhesion complexes were isolated from cells as described (Wang et al., 2009). In brief,

cells were washed with ice-cold PBS to remove unbound beads and scraped into ice-cold cytoskeleton extraction buffer

(CKSB; 0.5% Triton X-100, 50 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 20 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml

pepstatin, 1 mM phenylmethylsulfonyl fluoride, and 10 mM PIPES, pH 6.8). The cell-bead suspension was briefly

sonicated, and the beads were isolated from the lysate using a magnetic separation stand. The beads were resuspended

in fresh ice-cold CKSB and re-isolated magnetically. Then, beads were washed in CSKB, sedimented with a centrifuge,

resuspended in 2x Laemmli sample buffer, and boiled for 10 min. The beads were separated magnetically, and lysates

were analyzed by western blot.

 

Patient samples and tissue immunofluorescence stain:

All cases were selected from the archives of the Ontario Tumor Bank (Ontario Institute for Cancer Research). A total of 13

patients had CRC with previous biopsies at the colon site of the primary tumor. After the original diagnoses, all cases

were reviewed by two pathologists (MM and AA from the author list) to determine the differentiation of adenocarcinoma.

The final diagnoses were: Well-differentiated (low grade; LG; n=3), moderately differentiated (intermediate grade; IG;

n=6); poorly differentiated (high grade; HG; n=1). Three samples were diagnosed as moderately/poorly differentiated

adenocarcinoma. Each obtained tumor sample has a relevant normal tissue control from the same patient. Frozen tissue

was cut for 7 μm sections from each OCT block. Slides were stained according to the protocol described in (Ali et al.,

2021) with some modifications. Briefly, slides were heated to 60oC for 1 min and then fixed by incubations in 95% ethanol

(30-sec), 10% formalin (30-sec), then water. Next, slides were immersed in antigen retrieval buffer at 98oC for 1h,

Samples were cooled down in room temperature for 10 minutes and washed with warm water for I minute, dried, marked

with Pap-pen and covered with TBS-T. Then tissue samples were permeabilized with 0.5% Triton (X100-Bioshop) for 5

min. The samples were washed with TBS- T three times and then incubated in sea blocking buffer (Sea Block Serum free-

PBS abcam-UK) for 2h, followed by the overnight incubation with primary antibodies at 4oC. Next, slides were washed

and incubated with secondary antibody, and after 1h incubation at room temperature, slides were washed again 3 times

with TBS-T 5 minutes each and stained with DAPI for another 30 min. The samples were washed 3 times and finally

mounted using ProLong Diamond Antifade Mounting media (Thermo Fisher Scientific) and imaged the same day using a

Zeiss LSM 800 Confocal (Germany) equipped with a ×20 objective lens.
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Research ethics

All methods and experiments follow the University of Toronto research guidelines. Ethical approval was obtained from the

University of Toronto Research Ethics Board #32822.

 

Statistical analysis

Statistical significance (p<0.05) was determined using the unpaired t-test for two samples or analysis of variance

(ANOVA) for multiple samples. For analysis of the spatial relationship of proteins in cultured cells, Pearson correlation was

used (Bolte and Cordelieres, 2006). Analyses were performed with GraphPad Prism 9 software. All experiments were

performed at least three independent times in triplicates on separate days. Histograms display means and SEM.
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Figure Legends

Fig. 1. Vimentin colocalize with myosin 10 in CRC

Representative images of colon tissue staining with DAPI (blue), Vim (red), Myo10 (green), and their colocalization

(yellow) areas in (A) normal (control) tissue, and (B) progressing adenocarcinoma (tumor). Images were obtained by Zeiss

Axio Scan.Z1 microscope, objective 20x. (C and D) Quantification of Pearson colocalization for Vim and Myo10 in normal

and tumor estimated for (C) epithelium and (D) stoma region. Mean fluorescence intensity (MFI) for (E) Myo10 and (D)

Vim was detected separately in epithelium and stroma regions of normal and tumor tissue specimens (n=26 for normal

and tumor samples, Unpair t-test significance **p<0.01).

 

Fig. 2 Vim expression affects Myo10 trafficking towards the tips of cell extensions.

(A) Whole-cell lysates of mEF (WT, KO, and ULF) and SW480 cells cultured on Col (1 mg/ml) for 3, 6 and 24h. Cells were

immunoblotted for Myo10, Vim and β-actin with appropriate antibodies. (B) Representative confocal images of mEF WT

and Vim KO cells cultured on Col. Cells were triple stained for Vim (red), Myo10 (magenta) and actin (green). (C)

Quantification of the number of cell protrusions decorated with Myo10 at the end of cell extension after 3, 6 and 24h

growth. Images were quantified with ImageJ (n=3; 35 cells per group). Data are shown as a mean ± S.E.M. 2way ANOVA

significancy *p<0.05, ***p<0.001, ****p<0.0001 compared with WT. (D) Vim and Myo10 immunoprecipitations (IP) in mEF

WT cells. Left panel: IP of Myo10 was immunoblotted for Vim. Right panel: IP of Vim was immunoblotted for Myo10. An

irrelevant antibody (IgG) was used as the immunoprecipitation control. Bottom row shows input Myo10, and Vim

immunoblot. Actin was used as a loading control. (E) Hi-resolution STED images of mEF WT on Col and immunostained

for Myo10 (red) and Vim (green). Scale bar 10 μm, 2 μm and 1 μm. (F) Pearson coefficients obtained by quantification of

the STED images of mEF WT (black), KO (red) and ULF (green) cells plated on Col with the Fiji JACoP plug-in. Scale bar,

2 μm. All data are reported as a mean ± S.E.M, n=3. (G). Representative donor and acceptor pre- and postbleach images

are shown for AP-FRET. Arrows highlight areas of interaction. De-quenched signal from the donor (GFP) was seen after

photobleaching the acceptor demonstrating interaction between Vim and Myo10. (H) FRET efficiency (E%) for Vim-Myo10

interaction in mEF WT (black) and mEF ULF (green) cells in (n=40; a mean ± S.E.M, (p<0.001)). (I) Representative

confocal images of mEF WT and SW480 cells before and after treatment with IPA3 (5 μM) stained for Myo10 (magenta),

Vim (green), actin (yellow) and nucleus (blue). Scale bar, 15 μm. Arrows shows Myo10 particles displacement form the

cell extension tip (top image) to the cell body (bottom image). (J) Quantification of the mean size of Myo10 particles in
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vehicle and IPA3 treated cells. mEF WT (black), KO (red), ULF (green) and SW480 (blue). Empty bars indicate samples

after IPA3 treatment cells. Images were quantified with ImageJ (n=3, 30 cells per group). (K) Myo10 and Vim IP in mEFs

(WT, KO, ULF) and SW480 cells before and after treatment with IPA3 (5 μM). Upper panel: IP of Vim was immunoblotted

for Myo10. Below: IP of Myo10 was immunoblotted for Vim. An irrelevant antibody (IgG) was used as control. Lower panel

shows input Myo10, Vim and actin, which was used as a loading control. (L and M) Quantification of immunoprecipitated

Myo10 (L) and Vim (M) from WB in comparison to protein input. MEF WT (black), KO (red), ULF (green) and SW480

(blue). Empty bars represent data obtained from IPA3 treatment cells (n=3 independent experiments). Data are shown as

a mean ± S.E.M. 2way ANOVA significancy *p<0.05, **p<0.01, compared with WT.

 

Fig. 3. Vimentin regulates myosin10 substitution dynamics.

(A) Representative live cell images for FRAP in cells transfected with GFP-Myo10. Images before bleaching (Pre-bleach),

after bleach (Bleach), at intermediate recovery point (Half-recovery), and at the end of record fluorescent recovery (End-

recovery); regions of interest (ROIs: 1 μm2 area indicated with arrow). Fluorescence in ROIs was measured before

bleaching and for 150 s after bleaching with argon laser at 488 nm. Cells were cultured on fibrillar Col-coated surface for 3

h. (B) Typical normalized FRAP curves are displayed in mEF WT (black), KO (red), ULF (green), Vim rescue (magenta),

SW480 (blue) and SW480 Vim KD (light blue). (C) FRAP mobile fractions, and (D) The FRAP-half-life recovery. All FRAP

images were quantified with ImageJ (n=3, 15 cells per group). (E) Estimation of Myo10 velocity in protruding cells mEF

WT (black), KO (red), ULF (green) and Vim rescue (magenta). Data are shown as a mean ± S.E.M. One-way ANOVA

significancy *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared with WT.

 

Fig. 4. Loss of filamentous vimentin reduces traction forces and collagen remodeling.

(A) Representative images of cells cultured on fibrillar Col gels for 5 h to evaluate and quantify Col fiber alignment (B), and

compaction (C) for mEF WT (black), KO (red), ULF (green), Vim rescue (magenta), SW480 (blue) and SW480 Vim KD

(light blue). Scale bar, 15 μm. (D) Images of cells cultured on Col gels for mEF WT and mEF KO before and after

treatment with Myo10 siRNA. Cells were stained with rhodamine-phalloidin, and the yellow line shows the cell outline. (E)

Estimation of Col fibers alignment and (F) and compaction for mEF WT (black), mEF WT Myo10 KD (gray), KO (red), and

mEF KO Myo10 KD (light red). Scale bar, 15 μm. (G) Col tractional remodeling was quantified by analyzing position

changes of marker beads embedded in Col gels over a 5 h sampling period. (H) Bead displacement was used to calculate

mean cell- induced deformations by particle image velocimetry, displayed as vectors with a color-coded magnitude as

indicated in H. (I) Images of mEF WT, mEF KO and mEF ULF cells cultured for 6 h into Col gels (1 mg/ml) and stained for

3⁄4 collagen. The yellow line shows the cell outline; scale bar, 10 μm. (J) Quantification of Col degradation by mEF WT

(black), KO (red) and ULF (green), cells embedded in a 3D type I collagen matrix using anti-Collagen Type 1 (3⁄4

fragment) antibody. Data are reported as mean ± S.E.M, n=3 (30 cells per group). One-way ANOVA significance *p<0.05,

**p<0.01, ***p<0.001, ****p<0.0001 compared with WT. Scale bar, 20 μm.

 

Fig. 5. Vimentin expression controls collagen fibers degradation via MT1-MMP regulation. (A) MT1-MMP activity

(green) in cells cultured on Col gels for 6 h; actin indicates cell shape (red); scale bar, 20 μm. (B) Fluorescence intensity of
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mEF WT (black), KO (red) and ULF (green), cells stained for MT-MMP. One-way ANOVA significance **p<0.01,

****p<0.0001 compared with WT. (C) Immunoblot of Myo10 KD efficiency. Cells were treated with scrambled siRNA

(control) or FlexiTube Myo10_5 and Myo10_6 siRNA. (D) Representative live cell images for FRAP measurements; cells

were transfected with GFP-MT1-MMP. Fluorescence in ROIs was measured before bleaching and for 150 s after

bleaching with argon laser at 488 nm. MEF WT and Vim KO cells were cultured on fibrillar Col for 3 h. (E) Typical

normalized FRAP curves for each condition are displayed in mEF WT (black) and KO (red), empty symbols indicate

Myo10 KD cells. (F) The FRAP-half-life recovery, and (G) mobile fractions; images were quantified with ImageJ (n=3; 22

cells per group). (H) Quantification of the relative abundance of membrane- associated MT1-MMP by flow cytometry. MEF

WT (black), KO (red) and ULF (green). Data are reported as a mean ± S.E.M; n=3, 50000 cells. *p<0.05, **p<0.01. (I) WB

of Col-bead associated focal adhesion and whole-cell lysate (input) proteins for mEF WT, KO and ULF cells, stained for

Myo10, MT1-MMP, Vim and �-actin (as a loading control). (J) Activated fraction of MT1-MMP in detected in mEF WT

(black), KO (red) and ULF (green). Data are reported as a mean ± S.E.M; n=3. *p<0.05.

 

Fig. 6. Model of the vimentin-dependent collagen remodeling regulation by controlling the assembly of Myo10.

After the initial cell extension formation, Vim organizes Myo10 trafficking at the tip of cell extension, where Myo10 is

aggregated, which strengthens the cell-ECM attachment. This, in turn, accelerates collagen alignment and its digestion by

MT1-MMP presented at the surface of the cell membrane. Vim is involved in MT1-MMP secretion, stimulated proteolysis,

and reorganization of the Col fibers, which helps to promote cell motility. Diagram was created with BioRender.com.
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