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Abstract: Mesenchymal stem cells hold great promise as a therapeutic cell source for a variety of 

diseases such as osteoarthritis and degenerative disc disease. Their unique homing ability and 

multipotentiality play key roles in their applications in medicine. Specifically, hMSCs capability to 

adhere and migrate to damaged tissue’s extracellular matrix is essential for serving their therapeutic 

purpose. The roles of some cytoskeletal elements, such as actin and microtubules, in cell migration 

and adhesion have been well described, while that of intermediate filaments (IFs) is not well 

understood. There is increasing evidence that vimentin IFs also function in cell spreading and 

adhesion, but their relationships in MSCs have not been fully characterized. In this work, we sought 

to understand how vimentin IFs govern adhesion and cellular cytoplasmic projection formation in 

human MSCs. Using shRNA to knockdown vimentin IFs in MSCs, we found that vimentin IFs are 

necessary for the cellular structural integrity required for cell-substrate adhesion and for forming and 

maintaining cellular projections. 

Keywords: mesenchymal stem cells; vimenti; actin; cytoskeleton; cell adhesion; intermediate 

filaments 

 

1. Introduction 

Mesenchymal stem cells (MSCs) have been widely explored for a variety of therapeutic 

applications, including musculoskeletal disorders such as osteoarthritis [1] and degenerative disc 

disease [2]. The use of MSCs as a cell source for these conditions, among others, can be attributed to 
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the combined advantages of diverse differentiation potential, immunomodulation properties, 

paracrine effects, and homing capability [3]. Migration and adhesion of MSCs to a damaged tissue’s 

extracellular matrix are essential for MSCs to carry out their therapeutic function. Their capacity to 

migrate to diseased or damaged tissues has been investigated in a number of models [4–6], and 

further understanding of their homing potential has come from studies focusing on MSCs’ 

chemotactic response to chemokines or growth factors [4,6–8]. In addition to migration, MSC 

adhesion and spreading have been found to be particularly important for phenotypic changes. For 

instance, changes to cell shape [9], size [10], substrate stiffness [11], and composition [12,13] have 

been shown to be capable of tuning MSC differentiation. 

As with most other cell types, migration and adhesion of MSCs are largely governed by the 

cytoskeleton, which consists of actin microfilaments, microtubules, and intermediate filaments (IFs), 

primarily vimentin. The roles of actin and microtubules in migration and adhesion, in concert with a 

complex collection of supporting proteins, have been well described. Actin microfilaments form 

structures required for migration at the leading edge of the cell called lamellipodia. The development 

and stability of these structures is mediated by the formation and separation of focal adhesions or 

integrin clustering at the leading and trailing edges of the cells [14]. It is thought that microtubules 

help to polarize cells for migration through extension into the lamellipodia and trafficking of vesicles 

containing adhesion molecules to the leading edge of the cell [14]. Similarly, actin has also been 

found to be required for the formation of cellular projections for migration while microtubules are 

needed for cellular cytoplasmic projection elongation [15]. Comparatively, significantly less is 

known about the related function of vimentin IFs in these processes. 

There is increasing evidence that vimentin IFs are involved in cellular adhesion and spreading. 

Vimentin deficiency results in slower adhesion by cancer cells [16,17]. Further, vimentin IFs     

are known to interact with numerous integrin subunits [18–24], and potentially regulate, focal 

adhesions [16,19,25–28]. These interactions with adhesion proteins appear to be associated with the 

activity of cytoskeletal linkers plectin and filamin A [21–23,29]. However, the relationship between 

cellular adhesion, spreading, and vimentin IFs in MSCs has not been fully explored. 

Vimentin IFs also appear to be involved in cellular migration. While changes in vimentin IFs 

have been found to correlate with changes in the migration of MSCs [30], the mechanisms by which 

vimentin is involved in migration has been more extensively investigated in cancer cells and 

fibroblasts. Increased vimentin expression has been designated as a key marker in the epithelial to 

mesenchymal transition and is associated with increased tumor cell migration, metastasis, and poor 

prognosis [17,25,28,31]. Down regulation or absence of vimentin in carcinoma cells, fibroblasts, and 

epithelial has been shown to impair cell migration [17,26,28,32–34] and alter the migration of 

lymphocytes and leukocytes through endothelial cells [35,36]. Vimentin IFs further appear to be 

involved in modulating cellular structures involved in migration. Long cellular cytoplasmic 

projections during migration through matrix pores have been found to require vimentin IFs for 

elongation [15]. Similarly, pseudopodia of leukocytes interacting with their target endothelial cells 

were shown to require vimentin reorganization [35]. While it is apparent that vimentin IFs are 

involved in cellular migration, the mechanism by which they act in MSCs remains to be clarified. 

In this study we sought to investigate the role of vimentin IFs in adhesion and protrusion 

formation in MSCs. Specifically, we examined the relationship among MSC adhesion, cellular 

projection formation, and vimentin IFs using lentiviral shRNA-mediated RNA interference (RNAi) 

to determine the effect of decreased vimentin expression on these behaviors. Our results indicate that 
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vimentin IFs are necessary for the cellular structural integrity required for forming cellular 

protrusions and normal cell-substrate adhesion. 

2. Materials and method 

2.1. Human mesenchymal stem cell culture 

Population doubling level (PDL) 9 bone marrow derived human mesenchymal stem       

cells (hMSCs) (RoosterBio; Frederick, MD) were expanded using RoosterBio Enriched Basal media 

supplemented with GTX Booster (RoosterBio) per manufacturer instructions. PDL 13-18 hMSCs 

were used for all experiments. Subsequent subculture for lentiviral transduction and experimentation 

was completed using hMSC growth media: high glucose DMEM containing 4 mM     

L-Glutamine (Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco), 100 U/ml Penicillin 

Streptomycin (Gibco), 1% MEM non-essential amino acids (Gibco), and 4mM L-Glutamine (Gibco). 

Complete media exchange was completed every 2–3 days and the cells were maintained at 5% CO2 

and at 37 °C. 

2.2. shRNA Lentivirus generation 

shRNA lentivirus was designed and generated as previously described [37]. Briefly,          

a 52-nucleotide shRNA sense-loop-antisense. 

(5'-AAAAGGCAGAAGAATGGTACAAATTGGATCCAATTTGTACCATTCTTCTGCC-3') 

sequence was designed and selected from human vimentin [Gen Bank: NM_003380] mRNA using 

the shRNA Designer through Biosettia, Inc. After annealing, double stranded oligonucleotides were 

ligated per manufacturer instructions into an inducible lentiviral RNAi vector conveying resistance to 

blasticidin and containing a TetO-H1 promoter. RNA interference in this inducible system occurs 

only in the presence of doxycycline. The pLV-RNAi kit and pLV-Pack Packaging mix (Biosettia) 

were used to generate the shRNA constructs and package into replication-deficient lentivirus using 

HEK 293FT cells and Lipofectamine 2000. A shRNA lentiviral vector targeting the LacZ      

gene (5’-GCAGTTATCTGGAAGATCAGGTTGGATCCAACCTGATCTTCCAGATAACTGC-3’) 

was used as a control (Biosettia). Three days post-transfection, virus-containing supernatants were 

collected and stored at −80 °C until use. 

2.3. shRNA transduction 

hMSCs were transduced with the shVim- or shLacZ- lentiviral particles for 24 hrs at a 

multiplicity of infection (MOI) of 15. The shLacZ-transduced hMSCs served as our non-targeting 

control for all experiments, as previously described [37]. Transduction was completed in the 

presence of 6 µg/ml Hexadimethrine bromide (Polybrene) (Sigma) to assist with transduction 

efficiency. Titered viral concentrations for a MOI of 15 were determined using a Quanti-IT 

PicoGreen Assay (Invitrogen). Two days after transduction, 12 µg/ml Blasticidin was used to select 

for pure populations for 4 days. Subsequently, shVim-hMSCs and shLacZ-hMSCs were cultured in 

the presence of 1 µg/ml doxycycline to induce RNA interference (RNAi). Cells were cultured    

for 14–18 days on tissue culture polystyrene before being harvested to be assayed. The success of 
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this knockdown in hMSCs has been previously described as a 40-60% decrease in vimentin 

expression [37]. For data analysis we only chose cells with vimentin knockdown, we did this by 

verifying with vimentin immunofluorescence. 

2.4. GFP-Vimentin transfection 

5 × 10
5
 PDL ~ 15–17 hMSCs (RoosterBio) were transfected with 6 µg EGFP-Vimentin DNA 

plasmid according to the Amaxa™ Optimized Protocol provided by the LONZA Nucleofector Kit 

for hMSCs. On day 3, pure populations were selected using 500 µg/mL geneticin for 1 day. On  

Day 7, cells were harvested to be assayed. 

2.5. Surface reflective interference contrast microscopy and immunofluorescence 

Surface reflective interference contrast microscopy (SRIC) was used to detect surface-to-surface 

interference between light rays reflected from the substrate/medium interface and those from the 

medium/cell membrane interface. The intensity of the light is a measure of the proximity of the cell 

membrane to the glass surface, so the membrane closest to the surface appears darker and those 

further away appear brighter. Therefore, SRIC is an optimal method when evaluating cellular 

attachment, adhesion, and spreading behavior. Cells were fixed in 4% paraformaldehyde prior to 

imaging and stained for vimentin. To visualize vimentin, cells were labelled with a rabbit IgG 

anti-human vimentin primary antibody (ThermoFisher) followed by a biotinylated (anti-rabbit IgG) 

secondary antibody (vector) and fluorescein-labelled streptavidin (Vector). For image capture using 

SRIC and to visualize vimentin, we used a Nikon Eclipse TE2000-E microscope. 

2.6. Fluorescence staining for vimentin, F-actin and focal adhesion analysis 

To visualize vimentin and analyze focal adhesion staining, cells fixed with 4% 

paraformaldehyde and permeabilized using 0.1% Triton-X-100. Cells were then labelled with a 

rabbit IgG anti-human vimentin primary antibody (ThermoFisher) followed by a biotinylated 

(anti-rabbit IgG) secondary antibody (Vector) and fluorescein-labelled streptavidin (Vector). To dual 

stain for vimentin and vinculin, after vimentin staining, cells were then labelled with a mouse IgG 

anti-human vinculin primary antibody followed by an Alexa Fluor 594-labelled goat anti-mouse IgG 

secondary antibody. To dual stain for vimentin and F-actin, after vimentin staining, Alexa Fluor 594 

Phalloidin was used to label F-actin. DAPI was used to stain cellular nuclei. Fluorescent imaging 

was completed using a Nikon Eclipse TE2000-E microscope. ImageJ was used for the quantification 

of the average vinculin adhesion area. All images were converted to binary images to isolate 

individual vinculin adhesions, and the particle analyzer in ImageJ was used to detect all adhesions 

greater than 0.5 µm
2
 to prevent the quantification of background noise. The average vinculin 

adhesion area was recorded for each individual cell. 

2.7. Cytoskeletal disruption and visualization 

25 mm diameter glass coverslips (VWR) or 35 mm diameter (14 mm diameter glass) glass 

bottomed dishes (Matek) were sterilized using UV light for 30 min and then coated with 100 µg/ml 
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human fibronectin for 30 min (Corning). EGFP-vimentin hMSCs were seeded onto glass-bottomed 

dishes while shVim- and shLacZ- hMSCs were seeded onto the glass coverslips. Chemical disruption 

of actin microfilaments and inhibition of cellular contractility was completed using 0.4 µM 

cytochalasin-D (Sigma) treatment, respectively. Chemical treatments were conducted at 37 °C   

and 5% CO2. After the designated treatment time, the cells were fixed with 4% paraformaldehyde. 

To visualize vimentin with disrupted cytoskeletal elements in shVim- and shLacZ-hMSCs were then 

permeabilized using 0.1% Triton-X-100. Subsequently, cells were labelled with a rabbit IgG 

anti-human vimentin primary antibody (ThermoFisher) followed by a biotinylated (anti-rabbit IgG) 

secondary antibody (Vector) and fluorescein-labelled streptavidin (Vector). Fluorescent imaging was 

completed using a Nikon Eclipse TE2000-E microscope. 

Chemical disruption of cytoskeletal elements and time lapse microscopy of EGFP-vimentin 

hMSCs was completed after 4 days of culture. After adding the chemicals directly to the cells, 

fluorescence images were taken every 2 min for 1.5 hours using an Olympus IX81 microscope with 

an environmental chamber to maintain the environment at 5% CO2 and 37 °C. 

2.8. Cytoskeletal disruption and visualization 

Tissue culture treated polyester transwell inserts with 3.0 µm pores were coated          

with 100 µg/mL fibronectin for 30 min at room temperature. The 3.0 µm pores restricts movement of 

whole cell bodies while allowing hMSCs to form cellular projections. shVim- and shLacZ-hMSCs 

were seeded onto transwell inserts for 20 min. The bottom chamber was filled growth media 

containing SDF-1 (ThermoFisher) (200 ng/ml) Cells were incubated at 37°C and 5% CO2 for 24 hr, 

after which the cells were fixed with 4% paraformaldehyde and permeabilized using 0.1% 

Triton-X-100. To visualize protrusion formation, cells were then labelled with a rabbit IgG 

anti-human vimentin primary antibody (ThermoFisher) followed by a biotinylated (anti-rabbit IgG) 

secondary antibody (vector) and fluorescein-labelled streptavidin (Vector). Alexa Fluor 594-labelled 

Phalloidin was used to stain F-Actin. Fluorescence images were taken of the protrusions using a 

Nikon Eclipse TE2000-E microscope. 15–30 fields of view were taken for only the bottom face of 

each transwell insert and the number, length, and average area of protrusions were analyzed on 

ImageJ or Fiji software. 

2.9. Statistical analysis 

To determine significant differences in focal adhesion area between shVim- and 

shLacZ-hMSCs, Student’s t-test (alpha = 0.05) was used. To determine significant differences 

between the average number, length, and area of protrusions on by shVim- and shLacZ-hMSCs, a 

Student’s t-test (alpha = 0.05) was also used. In all experiments involving fluorescence (SRIC, 

vinculin, vimentin, actin, transwell and retraction assays) we analyzed a minimum number of 20 

cells from 3 independent experiments per experimental group (shLacZ, shVim). 
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3. Results 

3.1. Vimentin is involved in cell-substrate contact and might be involved in pseudopodia-substrate 

interactions in hMSCs 

First, we evaluated the relationship between the cell-substrate contact and the vimentin  

network (Figure 1). Surface reflective interference contrast microscopy (SRIC) was used to evaluate 

the proximity between the cell membrane and the underlying substrate. Areas with closer contact 

between the cell membrane and the substrate appear darker in the resulting micrograph, due to a 

greater degree of reflective interference, whereas white/gray areas indicate that the cell membrane 

and the glass substrate are farther apart. In the same cells, immunofluorescence of vimentin enabled 

us to localize the distribution of vimentin IFs. Superimposing the SRIC and vimentin 

immunofluorescence images enabled us to characterize the relationship between cell adhesion and 

vimentin. 

As expected, vimentin knockdown cells (shVim-hMSCs) exhibited diminished 

immunofluorescence intensity, but its effect was most striking at the edges of cells (Figure 1D, G). In 

addition, shVim-hMSCs exhibited larger darkened areas on SRIC images, indicating that a larger 

proportion of these cells were flattened against the substrate. In contrast, shLacZ cells did not have 

these large darkened areas (Figure 1A–C). More importantly, the areas that lacked vimentin 

fluorescence (Figure 1F, I) coincided with these darkened areas. Our results clearly indicate that 

within a cell the absence of vimentin directly corresponds to areas of cell-substrate contact. 

3.2. Increased actin expression and vinculin focal adhesion area play a role in increased 

cell-substrate contacts in shVim cells 

Noting the changes in vimentin IF organization, we then sought to determine whether there are 

any differences in actin microfilament organization between shVim- and shLacZ-hMSCs. In 

shLacZ-hMSCs, both vimentin and actin filaments were observed along the cell edge (Figure 2A). 

When comparing the actin fluorescence staining with SRIC, it appeared that the darker areas of 

enhanced cell-substrate contact appeared in areas where actin filaments terminated. In 

shVim-hMSCs, the protrusions and edges of the cell were largely absent of vimentin, but appeared to 

have thicker bundles of actin filaments, compared to the shLacZ-hMSCs (Figure 2B, C). When we 

divided the actin fluorescence between Ashvim/AshlacZ (Figure 2D, patterned column) we found 

that the value was higher than 1, indicating that there is more actin in shVim cells than shLacZ cells. 

When we compared the ratio of actin to vimentin fluorescence between shVim and   

shLacZ-hMSCs (Figure 2D, black and white column bars respectively), we found that at the cell 

edges shVim-hMSCs expressed more actin than vimentin (Figure 2D), as indicated by the black 

column (Ashvim/Vshvim) being higher than white column (AshlacZ/VshlacZ). 

The termination of actin in the darker areas in SRIC prompted us to look at vinculin staining in 

those areas. We calculated the average area of the focal adhesions by taking a binary image of the 

fluorescence images using ImageJ (Figure 2E–G, n = 20 cells per experimental group). At first 

glance, the areas of vinculin immunopositivity seemed similar between shVim and shLacZ cells. 

However, they were statistically larger in shVim-hMSCs than in shLacZ-hMSCs (Figure 2E, H, I), 

and shVim cells also exhibited greater variation in the values of vinculin areas. 
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Additionally, darkened areas correspond almost precisely with vinculin fluorescence  

expression (Figure 2H, I), indicating that regions of close cell-substrate are correlated with vinculin 

stained focal adhesions. In the case of shVim-hMSCs, while the dark areas still match some of the 

vinculin staining, the amount of dark area is increased beyond vinculin (Figure 2I). This indicates 

that the reduction of a vimentin network increases regions of close cell-substrate proximity. 

3.3. Vimentin-rich cell protrusions resist cell retraction 

Due to actin’s apparent role in the adhesion of shVim-hMSCs to the substrate, we decided to 

inhibit actin polymerization using cytochalasin D (Figure 3). In shLacZ-hMSCs, upon treatment of 

cytochalasin D, the cell body retracted, but did not completely round up (Figure 3A–G). As the cell 

body retracted, some small cytoplasmic protrusions remained in place (Figure 3B, D, E, G). Using 

live-cell imaging of EGFP-Vimentin expressing cells, we observed that these cytoplasmic 

protrusions contained vimentin (Figure 3C, D). When we treated shVim-hMSCs with cytochalasin D, 

the cell bodies retracted into a rounded morphology and no cytoplasmic protrusions were left 

remaining in place (Figure 3F, H), compared to the shLacZ-hMSCs where these projections were 

still observed. This effect was observed in all 3 different independent experiments with shVim and 

shLacZ cells. These results indicate that vimentin plays a role in the stability of the cell during 

retraction. 

3.4. Vimentin plays a key role in the formation of cell projections 

To gain a better understanding of the role of vimentin in protrusion formation, we used a 

transwell assay to evaluate the differences between the control shLacZ-hMSCs and 

vimentin-deficient shVim-hMSCs (Figure 4A). SDF-1 was used as a chemoattractant, which resulted 

in the formation of cellular protrusions as the cells tried to reach the bottom portion of the      

well (Figure 4A). One major difference between shVim- and shLacZ-hMSCs was the lack of 

protrusions visibly extending from the bottom of the transwell insert in vimentin knockdown cells. In 

shVim-hMSCs short, actin-rich, cytoplasmic extensions could be observed having migrated shortly 

beyond the transwell pores (Figure 4B). ShVim-hMSCs did not form the long cellular projections (or 

protrusions) rich in vimentin that were observed in the shLacZ-hMSCs (Figure 4C). In shLacZ cells, 

z-projections revealed that these protrusions extending from the shLacZ-hMSCs contained both actin 

and vimentin (Figure 4D–F). Vimentin appeared to be centrally located within the cells and was 

surrounded by cortical actin on the outside. 

To quantify the differences in protrusion formation between shLacZ- and shVim-hMSCs, we 

determined the average number of protrusions per viewing frame (Figure 4G–I). Significantly more 

shLacZ-hMSCs formed long cellular projections compared to shVim-hMSCs. Because we knocked 

down the expression of vimentin rather than ablated it, vimentin positive projections could still be 

observed in shVim-hMSCs. There was no difference observed in the length of each protrusion (data 

not shown), demonstrating that vimentin-deficient cells can still grow cell projections if they retain 

enough vimentin to form these protrusions. 
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Figure 1. Vimentin is involved in cell-substrate contact and might be involved in 

pseudopodia-substrate interactions in hMSCs. (A–C) Vimentin and cell-substrate 

adhesion in shLacZ cell. (A) Vimentin staining in shLacZ cell. (B) SRIC image in 

shLacZ cell. (C) Vimentin and SRIC overlay of shLacZ cell. (D–I) Vimentin and 

cell-substrate adhesion for shVim cells. (D, G) Vimentin staining in shVim cells. (E, H) 

SRIC image of shVim cells. (F, I) Vimentin and SRIC overlay shVim cells. (I) Zoom 

panel shows vimentin and SRIC overlay at cellular protrusion in shVim cell. White scale 

bar is 20 µm. 
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Figure 2. Increased actin expression and vinculin focal adhesion area play a role in 

increased cell-substrate contacts in shVim cells. (A) shLacZ cell showing vimentin, actin, 

and SRIC images. Vimentin is located on the periphery of the cell and actin does not 

form defined stress fibers. (B–C) shVim cell showing actin, vimentin, and SRIC images. 

Yellow arrows indicate where vimentin expression does not extend into cellular 

projections, but where actin expression is increased with stress fiber formation. (D) Ratio 

(Fx/Fy) of actin and vimentin fluorescence expression at the cell edge. Ashvim is actin 

fluorescence in shVim cells, AshlacZ is the actin expression in shLacZ, Vshvim is 

vimentin expression in shVim and VshlacZ is vimentin expression in shLacZ cells. 

Patterned column is Ashvim/AshlacZ Black Column is Ashvim/Vshvim, and White 

Column is AshlacZ/VshlacZ. (E) ShLacZ vinculin immunofluorescence staining. (F) 

Binary image of shLacZ vinculin. (G) Vinculin adhesions in shLacZ hMSC. (H) shLacZ 

cell showing vimentin, vinculin and SRIC. (I) shVim cell showing vimentin, vinculin and 

SRIC. N = 20 cells, 3 independent experiments. White scale bar is 20 µm. 
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Figure 3. Vimentin projections resist cell retraction. (A–B) Live cell imaging of a 

shLacZ cell treated with 0.4 µM cytochalasin D at T = 0 and T = 1:15 hr. (C–D) Live cell 

imaging of a shLacZ GFP-vimentin cell treated with 0.4 µM cytochalasin D at T = 0 and 

T = 1:15 hr. (E–H) Immunofluorescence images of vimentin staining in shLacZ cells and 

shVim cells untreated (E, F) and 0.4 µM cytochalasin (G–H). White scale bar is 100 µm. 

All red arrows indicate protrusions containing vimentin. 
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Figure 4. Vimentin plays a key role in the formation of cell projections (A) Protrusion 

formation of hMSCs was monitored through 3 µm transwell pores using fluorescent 

microscopy. Transwells were coated in fibronectin and SDF-1 was included in the bottom 

well to stimulate cell migration through the pores. (B–C) Fluorescent images showing 

projection formation through transwell pores of shLacZ and shVim cells. White arrow in 

(B) points to a transwell pore that has only actin and no protrusion has extended towards 

the bottom well. (D–F) Z-plane projections of shLacZ cells stained with actin and 

vimentin migrating through transwell pores. White arrow in (F) points at the center of the 

protrusion containing actin and vimentin. Red arrow points at the cortical actin. (G–H) 

Vimentin staining of shLacZ and shVim transmigrating through transwell pores. This 

panel depicts vimentin staining of protrusion formation through the pores to the bottom 

chamber. (I) Quantification of the average number of protrusions of shLacZ-hMSCs vs. 

shVim-hMSCs. White scale bar is 50 µm, yellow bar is 5 µm and green scale bar      

is 200 µm. N = 20 cells, 3 independent experiments per group (shLacZ, shVim). 
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4. Discussion 

In this study, we sought to clarify vimentin’s role in MSC-substrate interactions by using 

lentiviral-based RNAi to decrease expression of vimentin intermediate filaments. Our results show 

that vimentin is needed to control cell-substrate adhesion. Without vimentin, regions of the cell are 

found in closer proximity to the substrate. Vimentin also played a role in the formation of protrusions 

through a transwell thus, indicating that vimentin networks provide a structural element to control 

the cell membrane. 

Vimentin immunofluorescence images show that control shLacZ-hMSCs have vimentin IFs 

present throughout the cell. Further, SRIC micrographs show a vimentin network that is interspersed 

with darkened areas corresponding to focal adhesions within the shLacZ-hMSCs. Comparatively, 

shVim-hMSCs lack vimentin near the cell edges, and possess larger darkened areas where the cell 

membrane is closer to the substrate surface. These dark regions correspond to areas of the cell 

without vimentin (Figure 1), suggesting that with decreased vimentin the MSC cell membrane is 

closer to the substrate surface and may have increased regions of surface adhesion. 

Interestingly, we observed that the regions in shVim cells in which vimentin was absent, had an 

increase expression of actin (Figure 2). Suggesting that actin filaments try to compensate for the 

absence of vimentin. Another similar effect was observed when we forced the cells to        

retract (Figure 3). The disruption of F-actin in GFP-vimentin hMSCs and shLacZ-hMSCs revealed 

vimentin-positive extensions remaining when the cell body retracted. The cellular extensions were 

not active pseudopodia, but remnants after the cell body retracted. In shVim-hMSCs these remnants 

were not existent, and the cells immediately retracted into a sphere. This experiment provides further 

evidence of the importance of vimentin network and the potential connection between actin and 

vimentin. In fact, the interplay between actin and vimentin has been studied to understand cell 

morphogenesis [38]. In this paper, researchers found that specific actin stress fibers interact with 

vimentin networks via plectin. In this study it was also shown that disruption of actin produced 

changes in the vimentin network, and vice versa. 

Plectin also has been found to couple intermediate filaments to focal adhesions [39,40]. In our 

experiments, the immunofluorescence for focal adhesions, as visualized through vinculin, showed 

co-localization with the darkened areas visualized with SRIC. In control cells, the area of SRIC dark 

regions and the area of vinculin fluorescence was almost identical. However, in shVim cells we 

found that while vinculin fluorescence was still contained within the dark areas, these dark areas 

were much larger. Investigation of other focal adhesion proteins (integrins), may help clarify if there 

are more proteins in this area or if the cell membrane simply has collapsed into the substrate creating 

the increase in dark areas in SRIC. In fact, a study in endothelial cells has found several proteins that 

were recognized in what they call vimentin associated matrix adhesions (VMAs) [18], this includes 

vinculin, integrin and the  interaction of this adhesions with vimentin is mediated by plectin. Thus, 

these proteins could be potential targets for future studies.  

In our study we found even in control cells that vinculin fluorescence had a large variation in 

terms of size (area). Still, shVim cells showed vinculin focal adhesions that were statistically larger 

than shLacZ cells (control). A study in endothelial cells subjected to flow, found that RNA vimentin 

inhibition resulted in smaller focal adhesions. Interestingly, they also found that integrin focal 

adhesions associate with vimentin bundles [19]. While our study found larger focal adhesion, they 

had a different physical condition (flow vs no flow), different cell type and focal adhesion protein. 
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Another study proposed a model in which fibroblasts’ vimentin network is connected to integrins via 

synemin and vinculin or plectin [41]. In this study [41] they found that fibroblasts from mice with a 

R113C mutation that resulted in disrupted vimentin did not result in changes in vinculin. It could be 

possible that some of the changes related to vimentin and cell adhesion occur in the proteins 

connecting the intermediate filament to integrins or vinculin. For example, Synemin might connect 

vimentin with vinculin [42] and could be a potential target for future studies. 

So far, our studies explored a relatively static system in which cells did not move or migrate. 

While the retraction assay explored the “leftover” protrusions, our transwell assay explore the 

formation of new protrusions via chemotactic signals. We observed that shvim-hMSCs lacked 

vimentin-positive cellular projections, which shows that vimentin was also necessary to actively 

form cell projections. Our results showed that shLacZ-hMSCs’ extensions contained both vimentin 

and F-actin (Figure 4). Closer to the transwell pore and the origin of the extension, vimentin appears 

to be in the interior of these protrusions with actin primarily located in the outer regions. Closer to 

the protrusion end, vimentin and actin appear more interspersed. It is possible that in addition to 

potentially playing a structural role, vimentin may be involved in initial contact and adhesion. 

Comparatively, microtubules have been found to be needed for protrusion elongation [15] and 

microtentacles are dependent on a microtubule network [43]. However, the study of microtubules 

and other structures are outside of the scope of this paper. 

It is well established that vimentin deficiency impairs cellular migration in a variety of cell 

types including fibroblasts, leukocytes, astrocytes, and numerous cancer cell                

types [16,17,26,28,32–34]. Increasingly, studies have shown that vimentin is necessary for the 

formation of filopodial structures during adhesion and early spreading on 2D surfaces [22]. Similarly, 

vimentin has been found to be needed for other types of cellular extensions as well such as for early 

neurite extension in hippocampal neurons [44] and lamellipodia formation for epithelial lens   

repair [34]. Our results support this assertion that vimentin IFs may be necessary for the formation of 

protrusions in MSCs. 

The importance of vimentin in the formation of cellular protrusions has also been studied in 

cancer cells. Invadopodia formation and extension in breast cancer and colorectal cancer cells lines 

both required vimentin for elongation [15]. Similarly, actin-independent tubulin microtentacles on 

detached breast carcinoma cells were found to contain vimentin [43]. Disruption of vimentin with 

phosphatase inhibitors in these cells as well as the use of vimentin negative cancer cells resulted in a 

decrease in the number of microtentacles. It has been proposed that vimentin provides stability for 

the formation of longer microtentacles, or cellular extensions, compared to the shorter, less stable 

vimentin-negative microtentacles of less invasive cancer cells [43]. 

Our study is primarily limited by the use of RNAi to decrease vimentin networks rather than to 

ablate all vimentin expression. Specifically, MSCs completely lacking a vimentin network may yield 

larger effects in protrusion formation and extension [43]. In addition, we chose to examine the 

formation of cellular protrusions using small pored transwell inserts. Examining transmigration 

through a variety of pore sizes as well as alternative culture and test conditions such as confined 

migration scenarios [45], gel degradation experiments [15], and transmigration through cell    

layers [46] may reveal more intricacies about vimentin IF’s role in protrusive structures for MSC 

migration. We are also limited by the size and optical constraints of our system to observe more 

intricate details in the architecture of the vimentin network and its relationship with the actin 

cytoskeleton. Changes in pore size using microfabrication, or perhaps cell micropatterning could be 
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used to create cellular projections of different lengths and widths that could be used to evaluate the 

role and architecture of vimentin in a variety of cellular projections. The use of electron microscopy 

and super resolution fluorescence microscopy could be used to better observe the architecture of 

protrusions from shVim and shLacZ cells. Further investigation into the relationship between 

vimentin, F-actin, and microtubules will help to clarify the formation, extension, and maintenance of 

these protrusive structures. 

5. Conclusion 

This study shines light on the importance of vimentin to maintain cellular morphology, 

cell-substrate distance and create protrusions trough chemotaxis. Both the capacities to adhere and 

form pseudopodia are critical cellular functions, and greater understanding of the mechanisms 

involved in these behaviors in MSCs is increasingly relevant as MSCs continue to be investigated for 

therapeutic purposes. 
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