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ABSTRACT OF DISSERTATION  

 

Focal Adhesions are Mechanosensitive and Regulate Stem Cell Differentiation 
 

by 

 

Andrew W. Holle 

Doctor of Philosophy in Bioengineering 

University of California, San Diego, 2013 

 

Professor Adam J. Engler, Chair 

 

 

Human mesenchymal stem cell (hMSC) proliferation, migration, and 

differentiation have all been linked to extracellular matrix stiffness, yet the signaling 

pathway(s) that are necessary for mechanotransduction remain unproven. Vinculin has 

been implicated as a mechanosensor in vitro, but here we demonstrate its ability to also 

regulate stem cell behavior, including hMSC differentiation.  RNA interference-mediated 

vinculin knockdown significantly decreased stiffness-induced MyoD, a muscle 

transcription factor, but not Runx2, an osteoblast transcription factor, and impaired 

stiffness-mediated migration. A kinase binding accessibility screen predicted a cryptic 

MAPK1 signaling site in vinculin that could regulate these behaviors.  Indeed, 

reintroduction of vinculin domains into knocked-down cells indicated that MAPK1 



 xvii 

binding site-containing vinculin constructs were necessary for hMSC expression of 

MyoD. Vinculin knockdown does not appear to interfere with focal adhesion assembly, 

significantly alter adhesive properties, or diminish cell traction force generation, 

indicating that its knockdown only adversely affected MAPK1 signaling.  These data 

provide some of the first evidence that a force-sensitive adhesion protein can regulate 

stem cell fate. 

We build on this research by analyzing 47 different focal adhesion proteins for 

cryptic MAPK1 binding sites similar to that found in vinculin.  Using this parameter we 

selected 6 candidate focal adhesion proteins for further study in a high content imaging 

and analysis system in which cells were treated with siRNA, plated onto a 96 well plate 

containing two dimensional polyacrylamide surfaces, and stained for osteogenic and 

myogenic differentiation markers.  This is the first high throughput system specifically 

built to analyze stem cell differentiation as a function of substrate stiffness and the first 

time an siRNA screen has been applied to stem cells for the purpose of studying substrate 

stiffness mediated mechanotransduction.   
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Chapter 1 

Introduction 

Mechanotransduction is the complex process where a cell converts a mechanical 

stimulus into a biochemical signal. Although all adherent cell types participate in this, the 

specific mechanical input and the nature of the corresponding output varies widely. As a 

result, there are two different regimes of mechanotransduction: passive or ‘outside-in’ 

sensing, in which the cell responds to a force imparted upon itself, e.g. shear stress [1], 

extension  [2], compression [3], and pressure [4], and active or ‘inside-out’ sensing, in 

which the generation of internal forces allows for ‘measurement’ of the extracellular 

environment, e.g. cell traction forces feeling changes in stiffness [5], surface topography 

[6], and ligand density [7] (Figure 1).  Despite two decades of serious scientific inquiry, a 

consensus on the signaling pathways that are necessary and sufficient to undergo 

mechanosensation and the resulting behaviors that it elicits has yet to be realized. Here, 

we discuss the context in which mechanotransduction occurs, the categories of known 

mechanosensitive pathways within the cell, the systems used to perturb these pathways,  

and provide an opinion on where consensus can be found within the community. 
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Figure 1: The physiological physical microenvironment of the cell. 

Outside-in forces are depicted acting on the cell. On the other hand, inside-out 
transduction of cellular contractility can be affected by changes in stiffness gradients, 

ECM topography, and ligand density. 
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1.1 Controlling the Physical Microenvironment of the Cell 

To appreciate mechanotransductive mechanisms, it is first necessary to review the 

systems used that impart “outside-in” forces or modulate “inside-out” cell traction forces 

by exposing cell populations to a controlled physical microenvironment.   Fluid flow 

assays, which mimic blood or ECM fluid flow, are the historical standard for controlling 

shear forces and examining “outside-in” mechanosensing [8]. Extracellular pressure 

variations [4] or pulsatile flow [9] have also been utilized to more specifically recreate a 

physiological environment. Controlled extension of silicone [10] or hydrogel [11] 

substrates can mimic ECM stretching in vivo. More targeted methods of physically 

perturbing cells include the use of optical tweezers [12], atomic force microscopy [13], 

and magnetic twisting cytometry [14].   Some of these tools have also been used to assess 

“inside-out” mechanosensing by measuring the force with which a cell pulls on its 

extracellular environment [15]. 

To induce “inside-out” changes via adjusting the microenvironment, hydrogels 

like polyacrylamide [16], pNIPAAM [17], PDMS [18] and PEG [19] have been used to 

vary substrate stiffness. This change in the physical microenvironment has been shown to 

influence cell migration [16], cell stiffness [20], and adult stem cell differentiation [21].  

These substrates can also be patterned with ligands favorable or unfavorable for cell 

attachment, effectively controlling cell shape [22], or molded into pillars with different 

heights, which not only provides a variable topography for cells, but also varies stiffness 

and provides a method for measuring cell traction forces generated [23].  As previously 

mentioned, gradients in substrate stiffness, ligand patterning, or topography also serve as 
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mechanical inputs to cells, with changes in directed cell migration as a common output, 

i.e. “durotaxis” [24].  While many durotactic studies mimic pathological gradients [25], 

even those using physiological gradients found at the interfaces of tissue types have 

detected durotaxis [26, 27]  

Regardless of the system used or whether focusing on “inside-out” or “outside-in,” 

understanding the conversion of physical to chemical signals requires one to focus on 

where intracellular sensors could exist. Sensors have typically been proposed where 

clusters of structural and adaptor proteins exist, namely focal adhesions (FA) [28], the 

complexes that bind the ECM to the cell’s cytoskeleton, and the perinuclear cytoskeleton 

[29], which binds the cell’s cytoskeleton to the nucleus. Given that cells dramatically 

change their membrane tension in response to changes in microenvironmental stiffness 

[21], we will focus our discussion on focal adhesion-based sensing, though a complete 

picture of overall sensing should likely include both means of signaling. 

1.2 The Usual Suspects: Known Mechanosensing Pathways 

Cell contractile forces result in varying levels of ECM deformation depending 

upon its physical characteristics.  The force to which FA complex structural proteins are 

exposed changes as well as they are connected in series between force-generating units 

within cytoskeleton and the ECM [30]. Here we review the evidence of how 3 separate 

means of responding to such forces have been proposed (Figure 2). 
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Figure 2: Signaling events of three major candidate mechanosensing pathways. 
To the left, the Rho/ROCK system is summarized, showing the mechanisms for actin 

nucleation, assembly, and stabilization, as well as myosin contractility.  A positive 
feedback loop results in increasing cellular contractility, visually verified by the robust 

amount of stress fibers present at focal adhesions of cells on stiff microenvironments.  In 
the center, a network of mechanosensing ion channels or “stretch activated channels” 

(SACs) is responding to membrane stretching, which forces open the channels.  An 
increase in intracellular calcium concentration also provides positive feedback through 

favorable activation of MLCK, causing further increases in cellular contractility.  Finally, 
molecular strain gauges, e.g. p130Cas and talin, are shown responding to increases in 

cellular contractility by exposing binding sites for Crk and vinculin, respectively.  These 
pathways progress to the activation of two types of MAPK signaling kinases, which may 

influence changes in cell behavior further downstream.  It is of note that the degree of 
interconnectivity between these paradigms of mechanotransduction, even as briefly 
overviewed in this figure, is high. Abbreviations: TLN- talin, Cas- p130Cas, VCL-

vinculin, CaM-calmodulin, MLCK-myosin light chain kinase, MLCP-myosin light chain 
phosphatase, CFL-cofilin, LIMK-LIM Kinase, AA-alpha actinin, PXN- paxillin, GEF- 

guanidine exchange factor. 
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1.2.1 Rho/Rock Signaling Pathway 

Due to its prevalence in cellular processes associated with the cytoskeleton and 

cellular contractility, the Rho/ROCK signaling pathway has been extensively studied [31].  

Upon binding of integrins to the ECM, guanidine exchange factors (GEFs), which 

associate near FAs, catalyze a number of Rho GTPases, including RhoA and Rac [32, 33]. 

The amount of contractile force the cell exerts is translated into ROCK phosphorylation 

via RhoA [34].  Activated ROCK effects several cellular processes, most notably actin 

organization via LIM kinase and Cofilin activation and cell contractility via 

phosphorylation of Myosin Light Chain (MLC) [35] and inactivation of MLC 

Phosphatase [36].  Another RhoA effector protein is mDia, which is responsible for the 

creation of new actin stress fibers by catalyzing actin nucleation and elongation [37].  

Altogether, the Rho/ROCK signaling pathway is the ‘muscle’ responsible for 

upregulating and stabilizing the amount of stress fibers the cell displays in response to an 

increase in ‘inside-out’ force. 

1.2.2 Stretch Activated Channels (SACs) 

Mechanosensitive channels that become more permeable to soluble ions in 

response to contractile force are hypothesized to function through a protein ‘gate’ which 

is physically separated under force [38]. Although the specific family of SACs integral to 

the mechanosensing process has not yet been clearly identified, TRP channels have 

received the most attention due to their calcium ion permeability [39] and ability to 

permit transient calcium influx in stretched cells [40].  It has been shown that cells on 

substrates of differing stiffness exhibit changes in the amplitude of calcium ion 
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oscillations, proving that SAC permeability is related to active sensing of the physical 

microenvironment of the cell [41].  Furthermore, cells plated on substrates with a 

stiffness gradient showed even stronger calcium ion oscillations, indicative of a sensing 

role for calcium signaling [41].  While changes in calcium ion concentration can affect or 

effect a number of pathways, one particularly important downstream role is an increased 

activation of Calmodulin and Myosin Light Chain Kinase (MLCK), which increases 

cellular contractility by phosphorylating MLC [42].  Other mechanosensitive channels, 

such as the TREK-1 potassium channel, are currently being investigated both as a model 

for understanding the protein ‘gate’ mechanism and as a robust touch sensor [43]. 

1.2.3 Force-induced Protein Unfolding 

The existence of force-inducible protein unfolding, which we refer to as 

‘molecular strain gauges’ (Figure 3), provides a third potential, FA complex-based 

mechanosensing mechanism.  These proteins are capable of unfolding under 

physiological force, exposing binding domains for other proteins and signaling molecules 

further down the pathway.  Talin, a FA protein that binds to integrins and actin, has been 

shown to unfold under stretching forces as low as 12 pN and expose up to 11 binding 

domains for vinculin, another FA protein [44].  Vinculin itself has been shown to have an 

activation event required for Talin binding [45], which exposes a predicted binding 

domain for MAPK1 (unpublished), a prominent signaling kinase.  Furthermore, the FA 

protein p130Cas, which binds to FAK and associates with Talin, has been shown to 

unfold under force to activate the Crk/C3G-Rap1 signaling cascade that results in 

phosphorylation  of  a  different  form  of  MAPK  [46].    Another  protein,  receptor-like 
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Figure 3: Changes in substrate stiffness result in a spectrum of linker protein force 

exposure. Because some focal adhesion proteins have been shown to undergo force-
responsive unfolding events, it is feasible that changes in ECM stiffness may be a cause 

of discretized unfolding.  Differences in unfolding at focal adhesions may result in 
modulation of downstream signaling molecules responsible for effecting changes in cell 

behavior.  A) On soft substrates (~0-4 kPa), the force generated by cellular contractility is 
transferred to the ECM through linker proteins, but because of compliance of the ECM, 
linker proteins are not exposed to a high degree of force.  B) On firm substrates (~8-15 

kPa), compliance of the ECM decreases but does not disappear, resulting in an 
incremental increase in force exposure at focal adhesions. C) On firm substrates (~25 

kPa-50 GPa) matrix compliance approaches zero, causing nearly the full force of cellular 
contractility to be focused on linker proteins in focal adhesions. 
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tyrosine phosphatase alpha (RPTPα) has been shown to associate with α integrins, 

catalyzing binding to fibronectin and vitronectin in a force-dependent manner via the Src 

family kinase cascade [47].  Thus, a connection can be made between force-dependent 

unfolding of FA proteins and signaling cascades that may ultimately affect gene 

expression.  

While most research focuses on one particular potential regime of 

mechanosensing, it is becoming more apparent that they interconnected in several 

respects.  If the Rho/ROCK pathway is utilized mainly to strengthen and reinforce 

adhesions in response to the physical microenvironment, then that increase in contractile 

force caused by greater MLC activity will likely result in a greater number of SAC’s 

being activated and molecular strain gauges unfolding.  The SAC activity can serve to 

reinforce the activity of the Rho/ROCK cascade, while the molecular strain gauges work 

more directly in the signaling cascade that ultimately alters gene expression patterns.  

Furthermore, the MAPK1 signaling cascade associated with vinculin activation has been 

found to be upregulated in concurrence with an increase in Rho/ROCK activity [19], 

lending further evidence to a synergistic mechanosensing system utilizing all three 

paradigms. 

1.3 Confounding Factors in Mechanosensitive Pathway 
Research 

One cannot underscore enough the complexity of chemical signaling within FAs, 

as is illustrated in Figure 4. Many mechanotransduction studies identify a specific 

mechanism(s) by analyzing the cell’s response to perturbations via chemical inhibition to 

block activation events (e.g. phosphorylation) or by altering the expression of signaling 
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proteins. Perhaps the most widely used inhibitor towards a mechanosensing pathway 

element is the molecule Y-27632, which inhibits ROCK by competitively binding to its 

catalytic site [48]. Reducing or even eliminating mechanosensing proteins by siRNA or 

knockout systems, and their corresponding ‘add back’ experiments, can also provide 

some level of confirmation. However, there is a critical need for developing techniques 

that monitor real-time changes in the mechanical state of proteins as current methods 

mentioned here have significant problems associated with their use.  For example, Y-

27632 is a valid inhibitor for studying ROCK disruption, but it also has potency as an 

inhibitor of Protein Kinase C-Related Kinase (PRK2) [49].  The cellular effect of PRK2 

inhibition is unknown.  However, the use of Y-27632 alone potentially opens the door for 

misleading results caused by unintentional inhibition of other pathways.   The same is 

true for any type of protein knockdown or knockout.  In FAK-null cells, cellular adhesion 

strength has been shown to be over 40% higher than in wild type cells, an effect believed 

to be due to reduced vinculin recruitment to FAs [50].  Thus, cells that are FAK-null, due 

to their higher adhesion force, can be expected to transduce force differently than their 

wild type counterparts, not because FAK is a sole mediator of mechanosensitivity, but 

because of a disruption in the general structure of the FA.  It is important, then, to 

understand the difference between a heavy-handed FA disruption and the precise, elegant 

excision of a pathway element that serves one purpose.  Whether or not such an elegant 

element even exists is still an unsettled issue, but the development of more refined 

inhibitors and the adoption of more specific approaches are both key to moving this 

question forward. 
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Figure 4 Confounding factors in manipulating mechanosensitive pathways. 
To further understand the mechanosensitive pathways of the cell, interfering with a 

hypothesized pathway and observing a change in mechanosensing can provide evidence 
for function.  However, for a number of these interferences, confounding factors which 

may affect cell behavior may exist. A) The inhibitor Y27632 is a classic inhibitor of 
ROCK, and is used to study the role of the Rho/ROCK pathway on mechanosensing.  

However, Y27632 has also been shown to inhibit PRK2, whose role in mechanosensing 
is currently unclear. B) Intracellular calcium concentration has been shown to be 

important to substrate stiffness-based mechanosensing, with reduction in calcium ion 
concentration resulting in a decrease in stiffness-based differentiation.  However, 

blocking stretch activated channels with the potent inhibitor gadolinium did not result in 
any changes in differentiation (unpublished), suggesting that calcium ions can enter the 

cell via other routes, including voltage gated ion channels. C) siRNA mediated 
knockdown of vinculin has been shown to reduce stiffness-based differentiation 

(unpublished), but if perturbing focal adhesions by knocking down constituents has an 
impact on cellular force generation, any change 
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1.4 Future Directions for Mechanotransduction 

 The complexity of FA-based mechanosensing necessitates the drive for more 

complex tools.  At this point, it may not be enough to perturb one pathway, to knock 

down one protein, or to test one inhibitor. With each new variable, such as knocked down 

protein, inhibitor and inhibitor concentration, substrate stiffness, and time, comes an 

exponential increase in the number of cell populations and observations.  To fully 

understand the mechanosensing ability of the cell, and thus more capably influence it, the 

use of high throughput systems capable of ascertaining the effect of combinatorial 

treatments of cell populations will be required.   

 As bioinformatics and proteomics advance, it is easy to foresee the development 

of a new field of mechanomics, in which the predicted structure of a protein is related to 

the predicted chemical forces inherent to its structure.  Thus far, to learn about the 

properties of a protein unfolding under physiological force, researchers have had to use a 

number of costly, time consuming tools, including AFM [51], constitutively active FRET 

sensors [52], and laser tweezers  [53].  With the development of mechanomics, the 

behavior of proteins and signaling molecules in response to physiological force can be 

modeled in silico, and thus it is reasonable to believe that one day, entire mechanosensing 

pathways could be modeled instantly and accurately, then verified experimentally. 

 The ultimate goal of work on discovering and understanding mechanosensing 

pathways is to be able to effectively influence them for the desired outcomes of a clinical 

treatment.  There are dozens of clinical conditions arising from deficits in 
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mechanosensing, including muscular dystrophy, cardiomyopathies, developmental 

disorders, and cancer, as reviewed by Jaalouk [54].  While inhibitory molecules have 

been suggested to address these deficits, such as Y27632 in the treatment of bronchial 

asthma [55], successful clinical implementation relies on a fully characterized system.  In 

addition, diseased tissue often exhibits different mechanical properties than healthy tissue, 

which means that any treatment utilizing cells in such areas necessitates a change in 

physical microenvironment for the therapeutic cell population.  Cellular myoplasty with 

MSCs on infarcted rat heart has been shown to improve scarred heart muscle compliance 

but also cause small cardiac calcifications [56], presumably due to the increased stiffness 

of the physical microenvironment of the infarct.  This response illustrates the dangers of 

cellular misinterpretation of tissue mechanics.  By influencing the mechanosensing 

pathways of these cells to temporally ignore the stiffness of the extracellular environment, 

and only take cues from the chemical factors present, errant differentiation could be 

avoided, increasing the clinical relevance of such an approach. 

1.5 Summary 

The aims of this dissertation are (1) to elucidate the role of vinculin in 

mechanosensitive stem cell differentiation, (2) use a bioinformatics based approach to 

better identify cryptic binding sites on vinculin and other focal adhesion proteins, (3) to 

describe the subsequent pathways propagating from vinculin activation in 

mechanotransduction, (4) to apply this technique to multiple focal adhesion proteins 

containing predicted cryptic binding domains, and (5) to detect the role of these focal 

adhesion proteins in mechanosensitive differentiation along multiple lineages.  Chapter 2 
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of this dissertation describes the investigation of vinculin as a precise mechanosensing 

element, the analysis of its predicting binding partners and the accessibility of those 

domains, and the mutation of vinculin in order to test the functionality of these nominal 

pathways.  In chapter 3, this approach to mechanotransduction research is scaled up via a 

high content imaging platform allowing for the study of multiple focal adhesion proteins 

and the effect of their knockdown on mechanosensitive stem cell differentiation along 

multiple lineages. 
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Chapter 2 

In Situ Mechanotransduction via Vinculin 

Regulates Stem Cell Differentiation  

Abstract 

Human mesenchymal stem cell (hMSC) proliferation, migration, and 

differentiation have all been linked to extracellular matrix stiffness, yet the signaling 

pathway(s) that are necessary for mechanotransduction remain unproven. Vinculin has 

been implicated as a mechanosensor in vitro, but here we demonstrate its ability to also 

regulate stem cell behavior, including hMSC differentiation.  RNA interference-mediated 

vinculin knockdown significantly decreased stiffness-induced MyoD, a muscle 

transcription factor, but not Runx2, an osteoblast transcription factor, and impaired 

stiffness-mediated migration. A kinase binding accessibility screen predicted a cryptic 

MAPK1 signaling site in vinculin that could regulate these behaviors.  Indeed, 

reintroduction of vinculin domains into knocked-down cells indicated that MAPK1 

binding site-containing vinculin constructs were necessary for hMSC expression of 
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MyoD. Vinculin knockdown does not appear to interfere with focal adhesion assembly, 

significantly alter adhesive properties, or diminish cell traction force generation, 

indicating that its knockdown only adversely affected MAPK1 signaling.  These data 

provide some of the first evidence that a force-sensitive adhesion protein can regulate 

stem cell fate. 

2.1 Introduction 

Multipotent human mesenchymal stem cells (hMSCs) have been shown to 

differentiate based on a wide variety of cues, including soluble growth factors and 

insoluble signals from extracellular matrix (ECM) to which cells bind [1], namely 

stiffness [2, 3], topography [4], and composition [5]. Modulating cell behavior by ECM 

stiffness has become increasingly relevant since disease-related stiffness increases [6, 7] 

may give rise to the mixed outcomes of cell-based therapies [8, 9]. hMSCs cultured in 

serum-containing media have been shown to differentiate as a function of their substrate 

stiffness, with their fate matching in vivo tissue stiffness [2]. Myosin contractility has 

been implicated in regulating these fate choices via RhoA/ROCK in situ [10], and recent 

evidence has indicated that the transcriptional regulators Yes-associated protein (YAP) 

and transcriptional coactivator with PDZ-binding motif (TAZ) are required for hMSCs 

responding to stiffness [11]. While force transmission and nuclear responses are clearly 

required, the specific upstream signaling cascade(s) from which they initiate remains 

unclear for stem cells [12, 13].  

 Ample evidence suggests that cells actively measure the strains they impose on 

their matrix through myosin contraction [14, 15]; softer matrix deforms more than stiffer 
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matrix does for a given force. Conversely, intracellular proteins connecting matrix and 

nucleus stretch more with increasing ECM stiffness under the same force [16]. The 

conversion of this additional protein stretch into a biochemical cue that could induce 

RhoA/ROCK activation and lineage specification has been suggested to arise from 

sensor(s) buried within focal adhesions or the perinuclear cytoskeleton [17, 18]. Since the 

ECM protein to which stem cells bind can affect whether or not stiffness-induced fate 

choice occur [3], ligation of a specific integrin pair likely initiates this signal and suggests 

an initial focus on an adhesion-based sensor capable of regulating hMSC fate. Such a 

mechanism, i.e. a “molecular strain gauge” [19], would respond to increases in 

actomyosin force generation by unfolding protein domains to a degree corresponding to 

the force to which they are subjected; newly exposed internal binding sites would 

therefore initiate new signaling cascades. In vitro data supports this strain gauge 

hypothesis for focal adhesion proteins, which undergo force-induced conformational 

changes. For example, forced-unfolding of p130Cas reveals phosphorylation sites 

responsible for recruiting other proteins necessary for assembly of mature adhesions [20]. 

Talin exposes up to 11 inaccessible vinculin binding sites under force [21], with vinculin 

separately binding, unfolding, and functioning differently depending on the amount of 

force to which it is subjected [22]. Though each adhesion protein may serve as a target 

for stem cell mechanosensing, a comprehensive list of novel candidates is lacking, and to 

date, no study has shown this type of sensing mechanism that can regulate stem cell fate. 

Here we show that one candidate signaling mechanism and potential molecular strain 

gauge, the talin-vinculin-MAPK1 cascade, may be a regulator of stem cell differentiation 

into a myogenic-like state.  
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2.2 Materials and Methods 

2.2.1 Cell Culture and Reagents 

Human mesenchymal stem cells were obtained from Lonza, Inc. and maintained 

in growth medium (DMEM, 20% FBS, 100 units/mL penicillin, and 100 µg/mL 

streptomycin) changed every three days.  Only low passage hMSCs were used for 

experimental studies.  For MAPK1 inhibition, the MAPK inhibitors iodotubercidin and 

pyrazolylpyrrole, dissolved in DMSO, were used at a final concentration of 0.2 µM and 2 

nM, respectively, and added to cells immediately post-plating. At 0.2 µM, 5-

iodotubercidin is a potent MAPK1 inhibitor, but is not concentrated enough to inhibit 

PKA, phosphorylase kinase (5 µM), casein kinases I and II  (0.4 µM and 11 µM, 

respectively), Insulin Receptor Kinase (3.5 µM), or PKC (0.4 µM).  Adenosine Kinase is 

inhibited at very low iodotubercidin concentrations (26 nM) [23], but has not been 

previously implicated in myogenesis. At 2 nM, pyrazolylpyrrole has only been shown to 

inhibit MAPK1 [24].  As siRNA is diluted in culture over time, all mechanical 

differences in cell populations were assessed while there was still a large difference in 

cellular vinculin levels, as biophysical metrics are often a function of the current state of 

the cell, i.e. day 2 or as otherwise indicated.  Conversely, differentiation experiments took 

place over the course of six days or as otherwise indicated, since differentiation occurs as 

the integration of cues over time, allowing one to assume that examining the cells over 

the course of six days still reflects the initial RNAi. 
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2.2.2 Polyacrylamide Hydrogel Fabrication: 

 Acrylamide was polymerized on aminosilanized 12 or 25 mm diameter 

coverslips.  A solution containing the crosslinker N, N’ methylene-bis-acrylamide, 

acrylamide, 1/100 volume 10% Ammonium Persulfate and 1/1000 volume of N, N, N’, 

N’-Tetramethylethylenediamine was mixed.  Two different combinations of acrylamide 

and bis-acrylamide were used to make 11 and 34 kPa substrates.  Approximately 12 or 50 

uL of the mixed solution was placed between the aminosilanized coverslip and a 

chlorosilanized glass slide.  100 ug/mL collagen I was chemically crosslinked to the 

substrates using the photoactivating crosslinker Sulfo-SANPAH (Pierce). 

2.2.3 siRNA Transfection 

siRNA oligonucleotides against human vinculin (ON-TARGETplus SMARTpool; 

Dharmacon) and a pool of four non-targeting siRNAs control oligonucleotides (ON-

TARGETplus siControl; Dharmacon), diluted in DEPC water (OmniPure, EMD) and 5X 

siRNA buffer (ThermoScientific), were transiently transfected into human hMSCs using 

Dharmafect (Dharmacon) at a concentration of 50 nM, according to the manufacturers’ 

protocols.  Vinculin ON-TARGETplus SMARTpool was a mix consisting of four 

different siRNAs: Vinculin smart pool duplex 1 (target sequence: 

CAGCAUUUAUUAAGGUUGA), Vinculin smart pool duplex 2 (target sequence: 

GCCAAGCAGUGCACAGAUA), Vinculin smart pool duplex 3 (target sequence: 

GAGCGAAUCCCAACCAUAA), and Vinculin smart pool duplex 4 (target sequence: 

UGAGAUAAUUCGUGUGUUA).  Transfection efficiency was characterized using 

TYE-563 Transfection Control (IDT).  After 24 hours of transfection in antibiotic-free 
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media (2% FBS), media was replaced with standard hMSC growth media and cells 

replated onto appropriate substrates. 

2.2.4 Plasmid Construct and Transfection 

pEGFP-C1 subcloned with vinculin cDNA of head domain (1-851; labeled as H), 

pEGFP-C3 subcloned with vinculin cDNA of tail domain (884-1066; labeled as T), and 

pEGFP-C1 subcloned with complete vinculin cDNA, which had been originally excised 

from p1005 with EcoRI and inserted in EcoRI digested pEGFP-C1 (labeled as FL), were 

obtained from Dr. Susan Craig [25]. Plasmids were purified using QIAGEN Plasmid 

Midi Kit (QIAGEN). hMSCs were transfected in  antibiotic-free medium with 1 µg of 

plasmid pre-complexed with 2 µL of Lipofectamine 2000 (Life Technologies) in 100 µL 

of DMEM. After 24 hours of transfection in antibiotic-free medium with 2% FBS, 

medium was replaced with standard hMSC growth medium. 

2.2.5 Site Directed Mutagenesis 

Site-directed mutagenesis was performed on plasmid pEGFP-C1 (full length; FL) 

by PCR using QuikChange II kits (Agilent) to abolish the predicted MAPK1 binding site 

from ScanSite analysis. The predicted site (amino acids 762-768) was changed from 

RILLVAK to HVVILGR by the following base pair substitutions on the leading strand: 

G3674A, A3676G, C3679G, C3682A, G3685C, C3689G, and A3692G. Mutagenic 

primers were designed using Agilent Technologies’ QuikChange Primer Design 

software: 

CTTCTGAATTTTCAACCTCCCGTCTTCCCAGAATCACGACGTGGTTCGCTCGT
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CTAGCAATGCTG and CAGCATTGCTAGACGAGCGAACCACGTCGTGATTC 

TGGGAAGACGGGAGGTTGAAAATTCAGAAG. Mutagenesis plasmids were 

sequenced via Sanger Sequencing by GeneWiz (La Jolla, CA). 

2.2.6 Western Blots 

Cells were plated at a density of 5,000 cells/cm2 in 24 well plates.  Cell lysates 

were collected by rinsing samples with cold PBS, followed by a five minute lysis in 

mRIPA buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1.5 mM MgCl2, 1% Triton, 1% 

Na-DOC, 0.1% SDS) with 1mM EGTA, 1 mM Na3VO4, 10 mM Na4P2O7, and 1 mM 

PMSF.  Samples were stored at -80o C until analysis. Cell lysates were run in 10% SDS-

PAGE gels at 150 V until proteins were separated and transferred to PVDF membranes 

(Bio-Rad) by running at 100 V for 1 hour, 15 minutes in transfer apparatus (Bio-Rad).  

The membranes were washed in Buffer A (25 mM Tris-HCl, 150 mM NaCl, 0.1% 

Tween-20) + 5% milk overnight at 4oC.  The membranes were then incubated with anti-

Vinculin, GAPDH, Actin, ERK2, or p-ERK2 (T202 and Y204) for 1 hour, washed with 

Buffer A + milk, and incubated in streptavidin horseradish-peroxidase-conjugated anti-

mouse antibodies for 30 minutes at room temperature.  Immunoblots were visualized 

using ECL reagent (Adenna). All western blot antibodies were obtained from Abcam. 

2.2.7 Immunoprecipitation 

1 mM Dithiobis(succinimidyl propionate) (DSP; Pierce), a membrane-permeable 

amine crosslinker, was used to preserve protein interactions before cell lysis.  Protein A-

conjugated Magnetic Dynabeads (Invitrogen) (concentration) were bound to rabbit anti-
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vinculin antibody for 15 minutes at room temperature, and crosslinked lysates were 

added for one hour at 4o C. Beads were magnetically captured, lysate decanted, and the 

beads were then washed with PBS. Protein elution from the beads was performed in 50 

mM Glycine, pH 2.8.  Supernatants and pellets were prepared for western blot analysis as 

described above. 

2.2.8 Immunofluorescence 

hMSC cells were cultured on polyacrylamide gels, fixed with 3.7% formaldehyde, 

and permeabilized with 1% Triton-X.  The cells were then stained with primary 

antibodies against human Vinculin (ab18058 and ab129002, Abcam), human MyoD 

(MAB3878, Millipore), human pFAK (16-233, Millipore), human Paxillin (ab32084, 

Abcam), human pERK2 (ab7948, Abcam), human ERK2 (ab7948, Abcam), human 

GAPDH (ab8245, Abcam) or human CBFα1 (CBFA11-A, Alpha Diagnostics).  

Corresponding secondary antibodies were conjugated to Alexa Fluor 488 (FITC) or 

Alexa Fluor 647 (Cy5) (Invitrogen).  Nuclei were counterstained with Hoechst dye 

(Sigma), and the actin cytoskeleton was stained with Rhodamine-conjugated Phalloidin 

(Invitrogen).  Alternatively for live/dead assays, cells were treated with 

paraformaldehyde for a positive control. Calcein and EthD-1 were then incubated with 

cultures to stain live and dead cells, respectively. Cells were imaged with a Nikon Eclipse 

Ti-S inverted fluorescence microscope equipped with a BD Carv II camera.  Images were 

processed and analyzed with ImageJ software (NIH).  Image thresholding for display 

purposes was consistent for each channel and within a given experiment. 
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2.2.9 Alkaline Phosphatase (ALP) Staining 

Cells in the indicate conditions were fixed in 3.7% formaldehyde, rinse in water, 

and incubated in a water:Napthol-phosphate:fast red violet solution (1:1:2 ratio) for 30 

min according to the manufacturer’s instructions (Millipore). Cells were rinsed and 

imaged in brightfield as with a Nikon Eclipse Ti-S inverted fluorescence microscope 

equipped with a BD Carv II camera.  

2.2.10  Quantitative PCR 

mRNA was obtained using a previously published protocol [26]. Briefly, cells 

were lysed in trizol, separated with chloroform, and precipitated by isopropanol.  The 

samples were centrifuged, the supernatant removed, and the pellet washed with 75% 

ethanol.  After removing the supernatant, samples were resuspended in DEPC water. 

Reverse transcription polymerase chain reaction was performed at 37o C for 60 minutes, 

followed by 99o C for 5 minutes, followed by 5o C for 5 minutes.  Samples containing 2 

µg of cDNA were added to a master mix containing of 10 mM dNTP (Roche), 100 mM 

DTT (Invitrogen), 5X First Strand Buffer (Invitrogen), 50 mM Random Hexamers 

(Qiagen), 200U/µL Reverse Transcriptase (Invitrogen), and DEPC H2O. qPCR was then 

performed using an 7900HT Fast Real-Time PCR machine (Applied Biosystems). 

Primers coding for Pax3, Pax7, MyoD, Mrf4, Myf5, GAPDH, and the vinculin constructs 

H, T and FL are listed in Supplemental Table 2. For differentiation markers, data is 

shown relative to the undifferentiated cells. Data was analyzed using a previously 

described method [27]. 
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2.2.11 Traction Force Microscopy 

Cells were plated at 102 cells/cm2 onto 2 kPa 25 mm diameter PA hydrogels to 

ensure that only individual cells spaced far apart were present so that traction fields 

would not overlap. 0.2 µm diameter fluorescent microspheres (FluoSpheres, Invitrogen) 

were added to hydrogels in suspension, at a ratio of 30 µL of beads for every 1 mL PA 

solution.  2 kPa hydrogels were selected due to their optimal deformation levels in 

response to cellular traction, allowing for an increased resolution of traction force as 

compared to 11 kPa; tractions scale linearly with stiffness so results from softer matrix 

should reflect the same trends for stiffer substrates. In order to prevent bead 

agglomeration, PA/bead suspensions were vortexed, sonicated for 15 minutes in a water 

bath, then centrifuged for 5 minutes at 12,000 RPM.  The aqueous phase of the 

suspension was then transferred into a fresh eppendorf tube for polymerization initiation. 

After 2 days, gels were transferred to a 25 mm sealed coverslip dish and placed in a 160 x 

110 mm sealed glass chamber insert (ASI Imaging) for imaging.  After identifying a 

candidate cell in brightfield at 60x, the absolute stage position was stored in the 

computer.  A 50 image, 0.4 micron incremented, 20 micron total Z-stack was obtained 

using the confocal microscope and the automated stage control.  After imaging other cells 

in the same way, warm 2.5% Trypsin was added to the coverslip dish to detach the cells.  

Using the stored position data, confocal Z-stacks of equal dimensions were taken at each 

previously imaged location.  These stacks were then used to obtain measurements for the 

total strain energy generated by the cell, broken down into tangential and normal strain, 

as well as total substrate deformation (Figure 13) [28]. 
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2.2.12 Cell Spinning Assay 

Cell spinning assay was performed as described previously [29].  Briefly, 

knockdown and wild type cells (50,000 cells per gel) were plated onto 25 mm collagen 

coated coverslips.  After 24 hours, coverslips were placed into the spinning apparatus and 

subjected to 4000 RPM spin for 5 minutes, followed immediately by fixation with 3.7% 

paraformaldehyde.  Cells were then stained with DAPI, and using the ScanSlide function 

of the automated stage (MetaMorph), the entire coverslip was imaged.  Images were then 

analyzed in MATLAB using unpublished code developed by Alexander Fuhrmann, in 

which the image is thresholded and the number of nuclei at a given radius ‘shell’ is 

plotted against radius (Figure 11). 

2.2.13 Statistics 

All experiments were performed in triplicate with the number of cells analyzed 

per condition as indicated. Error bars are shown as standard deviation. Significance was 

assessed by ANOVA at a significance threshold of p<0.05 or lower as indicated. Values 

between 0.1 and 0.05 are noted as well. For instances where data is not significantly 

different, N.S. is stated. 

2.3 Results 

2.3.1 Vinculin Knockdown Adversely Affects hMSC Fate and Behavior 

To ascertain vinculin’s role in mechanotransduction, hMSC vinculin was 

transiently knocked down with siRNA up to 80% (Figure 1A), reducing both cytoplasmic 
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and focal adhesion-localized vinculin (Figure 3A, top). Firm, 11 kPa matrices induce 

peak expression of early myogenic transcription factors, e.g. MyoD [2], after 4 days in 

culture with a subsequent decrease in expression consistent sequential activation of 

myogenic factors in muscle [26, 30]. However, vinculin knockdown hMSCs on the same 

matrix showed significantly less MyoD (Figure 3A, bottom). Scrambled siRNA showed 

no effect on MyoD expression (Figure 1B) whereas no MyoD was produced on non-

permissive, stiff matrix independent of vinculin (Figure 3B). Quantitative PCR of hMSCs 

after 4 days in culture, when MyoD expression was strongest, showed that they express 

significantly more myogenic specification and commitment markers relative to 

undifferentiated cells; this is consistent with commitment and initial differentiation into a 

myogenic lineage [31]. Vinculin knockdown cells had significantly reduced expression of 

the same transcription factors relative to undifferentiated control cells (Figure 3C). 

Vinculin knockdown was transient (Figure 1A), so we also determined if cells could 

become myogenic once vinculin expression recovered. Indeed, MyoD expression, which 

was repressed at 4 days in culture in vinculin knockdown hMSCs relative to wild type 

cells, was induced in hMSCs after 12 days (Figure 1C).  To determine if vinculin also 

affected osteogenic induction on stiff matrices, hMSCs were plated onto 34 kPa matrix 

but osteogenic commitment was found to be insensitive to vinculin knockdown as 

observed by expression of CBFα1 (Figure 2A) and alkaline phosphatase staining (Figure 

2B), indicating that vinculin is at least necessary to sense matrix stiffness but only for a 

specific differentiation program. 
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Figure 1: Influence of Vinculin on hMSCs.  A) Western blots for vinculin and GAPDH 
are shown for cells treated with siRNA for vinculin over the indicated time course. The 

plot quantifies vinculin knock down after 24 hours of approximately 80% when 
normalized to GAPDH band intensity at each time point or condition. Characteristic 

recovery was observed over one week. Transfection efficiency was confirmed using a 
fluorescent siGLO oligomer (inset).  B) MyoD stained images of non-targeting control 

siRNA (scrambled) did not show a significant difference in MyoD expression versus wild 
type (WT) as quantified by fluorescent intensity.  C) MyoD stained images of vinculin 

knockdown cells cultured for 4 and 12 days recover MyoD expression only after 12 days 
in culture. *p < 0.05, ****p < 0.0001, N.S. = not significant. Scale Bars: B, C = 10 µm, 
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Figure 2: Vinculin Knockdown and Osteogenic Differentiation. hMSCs on 34 kPa 

matrices acquired expression of CBFA1, an osteogenic marker, between days 2 and 4 in 
culture. Vinculin knockdown did not affect the expression of A) CBFa1 or B) ALP. Scale 

Bars: A = 10 µm, B = 50 µm. 
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Figure 3: Vinculin Regulates hMSC Fate and Migration.  A) Vinculin knockdown in 
hMSCs two days post-transfection shows a decrease in both cytoplasmic vinculin as well 

as a reduction in staining for vinculin incorporated into focal adhesions (inset; top).  
MyoD staining of vinculin knockdown hMSCs on 11 kPa matrices four days post-

transfection show a reduction in stiffness-based differentiation.  Red Channel: Actin, 
Blue Channel: DAPI (omitted from MyoD images). B) Average density of MyoD 

immunofluorescent intensity peaks after four days of plating on 11 kPa matrices, with 
approximately 60% reduction in signal as a result of vinculin knockdown. Little 

expression was observed on 34 kPa matrices. **p < 0.01, ***p < 0.001 as determined by 
ANOVA.  C) Quantitative PCR of myogenic markers in wild type hMSCs and vinculin-

knockdown cells plated for four days on 11 kPa compared to undifferentiated control 
hMSCs. *p < 0.05 as determined by ANOVA. D, D’) hMSCs were plated onto a matrix 
containing alternating regions of soft (1 kPa) and firm (11 kPa) matrix.  Images shown 

are 24 hours post plating for wild type (top) and vinculin knockdown (bottom). Red 
Channel: Actin, Blue Channel: DAPI. D”) Quantification of the percentage of vinculin 

knockdown and WT hMSCs on stiff regions at the indicated time. N.S. = not significant 
as determined by ANOVA. Scale bars: A = 10 µm, A (inset) = 2.5 µm, D = 50 µm 
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These matrices provide constant stiffness to hMSCs, but rarely does this occur in 

vivo. Spatial stiffness variations can induce migration or ‘durotaxis’ from non-permissive 

to permissive matrix. Durotaxis often precedes hMSCs differentiation [32] but may 

utilize the same sensory machinery. To assess vinculin’s involvement in sensing spatial 

stiffness changes, hMSCs were cultured on matrix containing alternating ‘stripes’ of soft 

and firm matrix to create a steep stiffness gradient at their interface (Figure 3D, D’). 

Vinculin knockdown hMSCs exhibited delayed durotaxis, while within 24 hours, 

untreated cells preferentially accumulated on myogenic-inducing firm matrix, indicating 

robust durotaxis (Figure 3D”). Durotactic changes were not the result of cell death [33] or 

altered cell migration as knockdown and untreated hMSCs on static 1 kPa and 11 kPa 

substrates had similar migration speed (Figure 4A) and did not display any directionally-

biased migration (Figure 4B). Thus, vinculin would appear to be required for sensing 

stiffness and converting it into an active cell response such as directed migration.  

2.3.2 Bioinformatic Analysis of Vinculin’s Mechanosensing Potential 

A force sensitive unfolding event could change the accessibility of a cryptic 

kinase site, and thus kinase binding domains and their accessibilities were determined 

using Scansite [34] for 47 proteins either related to the adhesome or previously 

implicated in mechanotransduction [35].  This analysis revealed 465 predicted binding 

sites, which were plotted as a function of their surface accessibility (Figure 5A). Binding 

sites for MAPK1, also known as ERK2, were found both extremely often (39 times; the 

most of any binding partner) and were the most inaccessible binding site on average  
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Figure 4: Cell Migration in Knockdown Cells.  A) Average hMSC velocity was 

measured for 24 hours post-plating.  Cell velocities were found to be statistically similar 
regardless of vinculin siRNA treatment.  B) Rose plots show no preferential migration 

patterns of wild type or vinculin knockdown cells on static 1 kPa and 11 kPa hydrogels. 
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Figure 5: Force-sensitive Cryptic Signaling in Focal Adhesion Proteins.  

A) Scansite analysis of 47 potential mechanosensing proteins revealed 461 binding 
motifs at specific accessibility values, each indicated by a black diamond. A value of 1 

was used as the threshold for accessibility.  Three binding sites were predicted on 
vinculin indicated by purple diamonds, with one site that is predicated to bind MAPK1 

being extremely inaccessible (0.164).  B) A domain profile of vinculin, showing binding 
sites for talin, actin, paxillin, and the predicted inaccessible binding domain for MAPK1, 

found near the hinge region. The y-axis indicates the amino acid positions along the 
protein. C) Endogenous expression of vinculin and pMAPK1 in hMSCs cultured on 11 
kPa substrates shows co-localization in adhesions. Note that the overall image intensity 

has been scaled to permit comparison between the two conditions. Scale bars: C = 20 µm, 
C’ = 5 µm.  D) Western blots of whole cell lysate from MSCs cultured on the indicated 

matrices are shown for vinculin and GAPDH (top). Samples were also 
immunoprecipitated with an antibody for vinculin, and the supernatant and pellet was 
blotted for vinculin to confirm immunoprecipitation. The pellet was also blotted for 

MAPK and pMAPK (bottom) as well as GAPDH within the supernatant (center). The 
graph quantifies band intensity for MAPK normalized to GAPDH for each matrix. *p < 

0.05 as determined by ANOVA. 
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(accessibility value of 0.535; Table 1).  Vinculin, which has an autoinhibited 

conformation [36] until it binds to talin and undergoes a force-induced conformational 

change [21], had three predicted kinase binding sites, one of which is a very inaccessible 

MAPK1 binding site (Figure 5A, purple; accessibility value of 0.164). This site occurs 

near vinculin’s hinge region and is flanked by structural protein binding sites, implying 

that a force-induced conformational change in vinculin could occur from relative changes 

between protein positions; such change may then alter MAPK1 binding site accessibility 

(Figure 5B).  Vinculin and phospho-MAPK1 were also found to co-localize in focal 

adhesions in hMSC after 48 hours on 11 kPa matrix (Figure 5C).  Cell-generated traction 

force scales with matrix stiffness [16], and thus at an optimal force in hMSCs on 11 kPa 

matrix, cryptic regions within talin may become accessible via talin unfolding and permit 

vinculin binding [21] that enhances MAPK1 accessibility. To further substantiate 

possible vinculin-MAPK1 interaction, vinculin was immunoprecipitated, and MAPK1 

and phosphorylated MAPK1 were detected in pulled-down samples (Figure 5D, top). 

Normalized phosphorylated MAPK also appeared matrix stiffness-dependent (Figure 5D, 

bottom). 

2.3.3 MAPK1-binding Vinculin Domains Rescue Vinculin-Dependent 

Myogenesis 

Despite vinculin’s involvement in myogenesis, the specific mechano-signaling 

pathway(s) regulating stem cell commitment remain unconfirmed. Based on Scansite 

predictions, constructs expressing GFP and chicken vinculin domains containing or 

lacking the MAPK1 binding site, i.e. head or tail domains [37], respectively, were 
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selectively added back to knockdown hMSCs (Figure 6A’, Figure 7A). In hMSCs grown 

on firm matrices for 4 days, wild type cells as well as cells with full length and head 

domain vinculin added back began to express MyoD at levels similar to wild type (Figure 

6A). Tail domain alone was insufficient to completely rescue MyoD expression (Figure 

6B), indicating that the head domain of vinculin may be necessary for myogenesis.  To 

assess the necessity of the predicted MAPK1 binding site within the head domain for 

stiffness-based myogenesis, site directed mutagenesis against the predicted MAPK1 

binding domain was performed and confirmed by Sanger Sequencing (Figure 6A’, Figure 

7B).  hMSCs receiving this FL-Mut construct via transfection were unable to express 

MyoD at wild-type levels after four days (Figure 6C, D). Moreover, Myf5 was detected 

by immunofluorescence after four days in wild type hMSCs and cells receiving FL 

constructs, but not FL-Mut constructs (Figure 6E).  For all cases, GFP expression, which 

confirmed vinculin re-expression in knockdown cells, was observed (Figure 6A, C, E, 

open arrowheads).  

Phosphorylated MAPK1 was found to be less abundant on softer matrices as well 

as in vinculin knockdown cells on stiffer matrices (Figure 8A), indicating that its function 

may correlate with vinculin expression. MAPK1 is a stage-specific positive regulator of 

early myogenesis [38-40]. To substantiate that MAPK1 has the same capacity for 

stiffness-induced hMSC myogenesis, the MAPK1 inhibitor 5-iodotubercidin was 

selectively added to cells to ablate MAPK1 function and found to down-regulate its 

expression (Figure 8B). Loss of global MAPK1 function from treatment with 5-

iodotubercidin or another highly selective MAPK1 inhibitor, pyrazolylpyrrole, resulted in 

reduced MyoD expression, similar to the reduction found in vinculin knockdown cells. 
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Figure 6: Rescue of Myogenesis by Specific Vinculin Domains. A) Wild type hMSCs, 
vinculin knockdown hMSCs, and vinculin knockdown hMSCs with the addition of GFP 
and specific chicken vinculin domains containing (head, H; full length, FL) or lacking 
(tail, T) the MAPK1 binding site predicted by Scansite were plated on 11 kPa matrices. 
siGLO red positive control confirms transfection in all samples except wild type (closed 
arrowheads), while GFP is observed in all add back samples (open arrowheads). MyoD 
staining is observed in wild type, head, and full length samples (arrows). A’) Domain 

charts showing the full length, full length with a mutated MAPK1 binding site to prevent 
binding, head, and tail constructs. Note that the head domain is orange, the tail domain is 
yellow, the hinge region is white, and the MAPK1 binding is green unless mutated when 
it is shown in purple. B) Quantification of average MyoD intensity in the five conditions 
of panel A. ***p < 0.001 as determined by ANOVA. C) Immunofluorescence images of 
full length and mutated full length rescued cells plated on 11 kPa substrates after 4 days 

in culture. Images show EGFP (top) and MyoD staining (bottom). GFP and MyoD 
expression are indicated via open arrowheads and arrows, respectively. D) Quantification 

of average MyoD intensity in WT, KD, FL, and FL-Mut. *p<0.05, ***p<0.001, 
****p<0.0001 as determined by ANOVA. E) Immunofluorescence images of hMSCs at 
day 0 and 4, with the latter cells being untreated, treated with vinculin siRNA, or treated 
with vinculin siRNA and a rescue vector as indicated. Wild type cells expressed Myf5 
after four days (arrows) while GFP expression (open arrowheads) was used to confirm 

construct transfection. Scale bars: A, D, and E=20 µm.
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Figure 7: Add-back and Mutagenesis Confirmation.  A) qPCR was used to assess 
uptake and expression of chicken vinculin constructs. For each primer, the corresponding 
sample was used to normalize its expression, e.g. vinculin tail added cells were used to 
normalize data using the tail primer. Endogenous mRNA was found in wild type cells 

and significantly reduced in all knock down samples.  The head primer was amplified in 
the head and full length add back samples, while the tail primer was amplified in the tail 
and full length add back samples.  A full length primer spanning multiple domains was 
only amplified in the full length add back sample. *p < 0.05, **p < 0.01 versus WT as 

indicated by ANOVA. B) Sanger sequencing results confirmed the change in nucleotide 
sequence (arrowheads) in FL-Mut samples as a result of mutagenesis. 
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Figure 8: MAPK1 and Mechanosensitive Differentiation. A) Western blot of untreated 
and knockdown hMSCs at different matrix stiffness for phosphor-MAPK1 and GAPDH. 

Plot shows the ratio of integrated intensity for pMAPK divided by MAPK bands. * p 
<0.05 versus other conditions as indicated by ANOVA. B) Western blot for MAPK1 and 

GAPDH of cells treated with the MAPK1 inhibitor 5-iodotubercidin. C) hMSCs on 11 
kPa matrices treated with MAPK1 inhibiters 5-iodotubercidin or pyrazolylpyrrole as 

indicated showed a significant reduction in average MyoD expression similar to vinculin 
knockdown alone, regardless of whether knockdown was present in the treated samples. 

**p<0.01, ****p<0.0001. 
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Combining vinculin knockdown with iodotubercidin did not further reduce MyoD 

expression though the combination of vinculin knockdown and pyrazolylpyrrole did 

(Figure 8C). Inhibitors did not dramatically alter cell morphology (Figure 9A), perturb 

vinculin expression (Figure 9B) or assembly (Figure 9C), and they did not alter cell area 

(Figure 9D), implying that only signaling and not focal adhesions were perturbed. 

Pyrazolylpyrrole treatment with or without vinculin knockdown also interfered with 

durotaxis (Figure 9E).   

 

2.3.4 Vinculin Knockdown does not alter Focal Adhesion Structure or 

Function 

To implicate the role of vinculin only as a signaling protein in this context, cell 

behavior and focal adhesion structure and function as an ‘inside-out’ force transducer 

must remain unperturbed; otherwise, changes in cell behavior or focal adhesion super-

structure could have induced some of the observations here. Vinculin knockdown was not 

found to significantly affect cell proliferation, cell area, cell morphology, the number of 

focal adhesions per cell, or the total focal adhesion area per cell (Figure 10A-D). Vinculin 

knockdown also did not significantly affect cell viability, as measured by western blots 

for housekeeper proteins GAPDH and β-actin (Figure 12Ai) and a live/dead assay (Figure 

10E). Focal adhesion structure, distribution, and morphology also appeared unchanged, 

as well as composition as assessed by phospho-Focal Adhesion Kinase (FAK) expression 

(Figure 12Aii, iii). Focal adhesions must  
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Figure 9: MyoD and MAPK1 inhibition. A) Immunofluorescent images of hMSCs 
treated with 5-iodotubercidin, pyrazolylpyrrole, and/or vinculin siRNA (Vinc KD) as 

indicated on 11 kPa matrices and stained for actin, nuclei (DAPI), and MyoD. B) 
Quantification of vinculin intensity in hMSCs cultured under the indicated conditions. 

****p < 0.0001 as indicated by ANOVA. C) Immunofluorescent images for vinculin of 
wild type hMSCs or hMSCs treated with 5-iodotubercidin and pyrazolylpyrrole. 

Arrowheads indicate focal adhesions. D) Cell area of wild type hMSCs and hMSCs 
treated with the indicated combinations of 5-iodotubercidin, pyrazolylpyrrole, and 

vinculin siRNA. No comparisons were statistically significant. E) hMSCs were cultured 
with or without pyrazolylpyrrole and/or vinculin siRNA, and the percentage of hMSCs 

on stiff regions of a matrix with alternating stiff and soft stripes was quantified. Data was 
collected shortly after plating (1 hr) and 24 hrs post-plating. ****p < 0.0001 as indicated 

by ANOVA. Scale Bars: A, C = 20 µm. 
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Figure 10: Vinculin knockdown does not affect proliferation or focal adhesion 
dynamics. A) Low magnification images of wild type (WT) and siRNA-induced vinculin 

knockdown (KD) hMSCs after 0, 2, and 4 days of culture stained for actin to illustrate 
cell density over time. Vinculin knockdown’s affect on B) cell area (gray) and aspect 

ratio (the ratio of the major to minor cell axis; white), C) focal adhesion number per cell 
as measured from Paxillin stained cells, and D) total focal adhesion area as measured 
from Paxillin stained cells. E) Live (green)/dead (red) assay of cells with the indicated 

treatments.  Scale Bar: A = 2 mm, E = 50 µm. N.S. = not significant. 
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facilitate cell adhesion and the transmission of actomyosin contractions to the adjacent 

matrix and cells, and to ensure that their functions were not perturbed, two mechanical 

assays were employed. First, a spinning disc assay was used to measure adhesion strength 

by exerting radially dependent shear and monitoring cell adhesion as a function of shear 

(Figure 11A). The average adhesion strength is defined by the shear required to detach 

50% of the cells, i.e. τ50, permitting quantitative comparisons [41] (Figure 11B, C). 

Vinculin knockdown did not significantly alter τ50 relative to untreated cells (Figure 

12B), with the shear required to detach cells being well above physiological levels [42]. 

Focal adhesions are also responsible for transmitting cell-generated traction forces, and 

traction force microscopy (TFM) can be used to monitor how a cell pulls against its 

matrix, both normal and tangential to the matrix surface [28, 43]. Matrix deformation 

(Figure 12C, left) was used to compute the energy required for each deformation (Figure 

12C, right). Integration over each cell yields the total strain energy, or work done by the 

cell to deform the matrix, which can be resolved into normal and tangential contributions 

(Figure 13A-C). No difference was observed between strain energy contributions (Figure 

13D, E) or total strain energy for wild type and vinculin knockdown hMSCs (Figure 

12D).   

Taken together these data provide the first demonstration that a focal adhesion 

protein, e.g. vinculin, can act as a regulator of matrix stiffness-induced hMSC 

differentiation. Moreover, regulation is signaling dependent and not influenced by 

structural or functional changes in adhesions as a result of the loss of vinculin. The 

identification of other cryptic signaling sites in focal adhesions may lead to the 

characterization of new mechano-regulation mechanisms.  
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Figure 11: Radial Shear Assay. A) To test adhesion strength of our cells, a spinning 

disc assay was utilized.  Cells were plated onto round coverslips and subjected to circular 
motion, resulting in a shear force over the cells that is proportional to their distance from 
the center of the coverslip.  B) Binned cell density is plotted against shear force and fitted 

by a sigmoid function (red line).  The average adhesion strength (t50) is defined by the 
shear required to detach 50% of the cells (dashed lines).  C) Representative images for 
the center (i), middle (ii), and edge (iii) of the cover slips are shown with DAPI stained 

nuclei. Scale Bar: A = 50 µm. 
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Figure 12: Secondary Effects of Vinculin Knockdown. All samples were analyzed 48 
hours post-transfection. Ai) Western blots of GAPDH and actin expression measured 

indicate that vinculin knockdown does not affect housekeeper protein expression.  Aii, 
iii) Staining for pFAK revealed no reduction in either total or focal adhesion localized 
pFAK.  Vinculin knockdown as quantified by IF integrated density is confirmed. Blue 

Channel=DAPI. ***p<0.001. B) Shear was applied cells to detach them in a radial shear 
assay. Cell density post-shear is shown as a heat map with little change between wild 

type and vinculin knockdown hMSCs (top). No significant difference in cellular adhesion 
strength between wild type and vinculin knockdown populations was observed (bottom). 
C) Representative images of substrate deformation and strain energy maps obtained by 

traction force microscopy.  D) No significant difference for total strain energy was 
observed between treated hMSCs and wild type cells as determined by traction force 

microscopy. N.S. = not significant (p>0.05). Scale bars: A=10 µm. 
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Figure 13: Traction Force Microscopy in hMSCs. 
To assess the ability of a cell to generate strain energy against its substrate, Traction 
Force Microscopy was utilized.  Matrix deformation fields (A) can be resolved into 

tangential (B) and normal (C) stress maps. The tangential and normal strains can then be 
integrated over each cell to find the work done by the cell to deform the matrix in either 

direction (D). Scale Bar: A = 20 µm. 
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2.4 Discussion 

Recent discussion has suggested a general link between ECM and the nucleus [17, 

18], and even in vitro and in situ reports identify some potential nuclear targets including 

YAP and TAZ [11] and a focal adhesion sensor, e.g. vinculin [21, 22], which could lend 

themselves to this process. While not previously connected in the context of stem cell 

differentiation, in the present study, we attempted to link the role of an in situ change in 

vinculin with myogenesis observed specifically because of the mechanical environment 

provided by the surrounding ECM. We document a class of potential focal adhesion-

based mechanosensing proteins with internal predicted kinase sites. In the talin-vinculin 

complex, changes to kinase-binding site accessibility could occur on myogenically 

favorable substrates. Indeed, when vinculin was knocked down in hMSCs, impaired 

myogenesis and durotaxis was observed. Rescue experiments identified the distal portion 

of the head domain, where a cryptic MAPK1 binding site is predicted, to be critical for 

myogenesis; MAPK1 inhibition produces a similar effect, though the combination with 

vinculin knockdown was less effective for both myogenesis and durotaxis perhaps via 

RISC inhibition [44]. Consistent with our hypothesis here, hMSCs appear to exhibit large 

strains in matrix that induces myogenesis, e.g. 11 kPa [45], which aligns stem cells’ 

cytoskeleton [46] and could stretch vinculin in situ and expose cryptic signaling sites. 

2.4.1 Elucidation of novel mechanosensors 

Recently, there has been a significant effort to expand our understanding of how 

cells sense matrix stiffness. Nuclear translocation of transcription factors YAP and TAZ 

[11] has been implicated in regulating shape-dependent endothelial cell survival as 
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YAP/TAZ expression correlated with stiffness-dependent expression of mammary 

epithelial genes. An alternative approach has been to screen signaling pathways involved 

in a behavior, e.g. fibroblast focal adhesion size, cell polarization, and traction force. In 

this case, protein tyrosine kinase knockdown identified kinases involved in enhancing, 

suppressing, or not affecting stiffness-sensing [47]. Both approaches produce a wealth of 

knowledge but do not indicate what or how a biophysical signal like stiffness is converted 

into a biochemical signal in the cell. FRET-based sensors can accurately measure protein 

stretching and mechanical activation [22, 48], but have limited throughput for screening. 

Cells contract and change the conformations of cytoskeletal proteins differently as a 

function of matrix stiffness [16]; Scansite analysis indicated that the talin-vinculin 

complex may have this capability in situ. This lead to the hypothesis that vinculin may 

either monotonically or biphasically increase MAPK1 signaling, with stretch leading to 

differentiation. Interestingly enough, differentiation did not appear to be monotonically 

increasing with additional stretch, as osteogenic differentiation was not influenced by 

vinculin knockdown. 

2.4.2 The many roles of vinculin in focal adhesions 

Our results indicate that there are not significant changes in the structural, 

adhesive, or mechanical functions of adhesion when vinculin is dramatically reduced but 

not absent in hMSCs. Reintroduction of vinculin domains containing the MAPK site, e.g. 

full length and head, also restored MyoD expression to wild type levels whereas 

constructs specifically lacking it did not, e.g. FL-Mut. Tail only constructs, which lack 

the MAPK site, partially rescued expression and suggest possible MAPK-independent 
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alternatives. Yet additional kinase binding sites on vinculin’s tail (see Table 1) and its 

ability to bind paxillin and actin could allow soluble vinculin tail to preferentially induce 

other signaling pathways or alter focal adhesion composition in such a way as to affect 

MyoD expression.  

Vinculin acting largely as a signaling protein also is in contrast to previous 

findings with senescent cells, where 3T3 fibroblasts displayed a 20% decrease in 

adhesion strength as a result of siRNA-induced vinculin knockdown [49]. Tractions and 

invasion assays are also lower in vinculin-null fibroblasts [50, 51] and vinculin-null 

carcinoma cells had decreased spreading versus their wild type counterparts [52]. One 

could argue that there could be a signaling threshold so that null and knockdown cells 

could have dramatically different signaling capabilities, but differences nonetheless raise 

the question of what accounts for this discrepancy. First, vinculin’s functionality may 

depend on cell state: in terminally differentiated cells, vinculin may play an increasingly 

structural role versus only a signaling role in hMSCs. Stem cell adhesions are extremely 

sensitive to ECM stiffness and composition compared to senescent cells [2, 5, 53, 54], 

and vinculin may act in a more signaling capacity to compensate. Secondly, serum 

concentration has been shown to modulate these responses [49]. hMSCs prefer 

significantly higher serum concentration versus fibroblasts, so differential mechanical 

effects in fibroblasts but not in hMSCs may be the result of compensatory adhesive 

mechanisms at high serum concentration. Even if there is some structural contribution in 

hMSCs that was not detected by the assays here, these data are supportive of a significant 

role for vinculin in mechanically directed myogenesis as described below.  
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2.4.3 Mechanosensing myogenic signaling pathways 

While regulatory molecules, including many small Rho GTPases, have been 

implicated in regulating cell behavior [55], the exact pathways between molecules, gene 

expression, and behavior remain somewhat disconnected. The data here substantiate a 

link between vinculin and MAPK1 in myogenic regulation, which can be regulated by 

more or less force generated via changing matrix stiffness or blocked via addition of 

small molecules such as pyrazolylpyrrole or iodotubercidin. The proposed mechanism is 

summarized in Figure 14 and likely terminates in the nucleus with transcriptional 

regulation from MyoD and other myogenic markers measured here. MAPK1’s role in this 

pathway likely involves its nuclear substrates, including the nuclear envelope protein 

Nesprin-2 [56], which has been shown to play a role in muscle differentiation [57]. Thus 

MAPK1 could become active upon vinculin binding, act on proteins including Nesprin, 

and result in MyoD expression. This model of MAPK-regulated MyoD expression has 

been recently described in satellite cell activation [58] and appears to corroborate our 

findings where a specific level of strain energy, ~ 1.5 pJ, produces optimal MAPK 

activation and subsequent induction of myogenic differentiation; too much or too little 

strain energy may not provide sufficient signaling. MAPK1’s modifiers provide further 

credence for this mechanosensitive model; p38 MAPK and MKK6 function is required 

not just for MAPK1 activation but also for MyoD expression [59]. Myogenic MAPK1 

substrates also include p90 ribosomal S6 kinase [60] and Est1 [61], but their function as 

substrates may be context specific as PPARϒ, an adipogenic marker, is also a MAPK1 

substrate in pre-adipocytes [62]. This begs the question that for hMSCs, which 

presumably lack such context-dependent function, what downstream signaling cascade is 
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most appropriate? Jaiswal and co-workers have shown that chemically induced 

osteogenesis involves MAPK1, suggesting a monotonically increasing signal [63]. 

However in the context of stiffness-induced differentiation, our data indicates that 

MAPK1 function is stiffness sensitive and acts via vinculin on myogenic targets 

including MyoD, not on osteogenic targets such as Runx2. Though induction methods 

may give rise to these signaling differences, our observations point to the need for 

additional exploration of how MAPK1 substrates compete for activation in a multi- or 

pluri-potent cells. 
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Figure 14: A model of myogenic mechano-sensing.  
As increasing force is applied to focal adhesions via actomyosin contraction, talin and 

vinculin associate and likely undergo a conformational change to activate vinculin. This 
permits the latter portion of vinculin’s head domain, which has predicted MAPK1 

binding, to regulate mechanically-induced myogenesis while not altering other structural, 
adhesive, or mechanical function of the hMSCs. Impaired MAPK1 function blocks this 

process, and may alter the function of its nuclear targets. 
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2.6 Appendix 
 

Table 1: Surface accessibility values for 49 human focal adhesion proteins. 
Accessibility was determined by ScanSite analysis [34] where surface accessible and 

inaccessible kinase binding sites have values above 1 and below 1, respectively. ScanSite 
provides a single accessibility value based on the amino acid sequence surrounding each 

point.  Kinase abbreviations: c-abl oncogene 1, non-receptor tyrosine kinase, ABL1; 
RAC-alpha serine/threonine-protein kinase, AKT1; Amphiphysin, AMPH; Ataxia 

telangiectasia mutated, ATM; calcium/calmodulin-dependent protein kinase II gamma, 
CAMK2G; Cyclin-dependent kinase 1/Cell division control protein 2, CDC2; Cyclin-
dependent kinase 5, CDK5; CDC-like kinase 2, CLK2; p38-CRK sarcoma virus CT10 
oncogene homolog, CRK; Casein kinase 1 gamma 2, CSNK1G2; Casein kinase 2 beta 

polypeptide, CSNK2B; Receptor tyrosine-protein kinase erbB-1, EGFR; p55-FGR, FGR; 
p59-FYN, FYN; Growth factor receptor-bound protein 2, GRB2; Glycogen synthase 

kinase 3 alpha, GSK3A; Glycogen synthase kinase 3 beta, GSK3B; Hematopoietic cell-
specific Lyn substrate 1, HCLS1; Inositol polyphosphate-5-phosphatase, INPP5D; 

CD220, INSR; IL2-inducible T-cell kinase, ITK; Intersectin, ITSN; Lymphocyte-specific 
protein tyrosine kinase, LCK; Mitogen-activated protein kinase 1, MAPK1; Mitogen-
activated protein kinase 3, MAPK3; Non-catalytic region of tyrosine kinase 1, NCK1; 
Platelet-derived growth factor receptor beta, PDGFRB; Phosphoinositide dependent 
protein kinase-1, PDPK1; Phosphoinositide-3-kinase, regulatory subunit 1, PIK3R1; 

Phosphoinositide-binding protein, PIP3-E; Phospholipase C gamma 1, PLCG1; Protein 
kinase, AMP-activated alpha 1, PRKAA1; Protein kinase cAMP-dependent catalytic  

Table 1: Surface accessibility values for 49 human focal adhesion proteins (cont.) 
delta PRKACD; Protein kinase cAMP-dependent catalytic gamma, PRKACG; Protein 

kinase C alpha, PRKCA; Protein kinase C delta, PRKCD; Protein kinase C epsilon, 
PRKCE; Protein kinase C mu, PRKCM; Protein kinase C zeta, PRKCZ; Protein kinase, 

DNA-activated, catalytic polypeptide, PRKDC; Src homology 2 domain containing 
protein 1, SHC1; Sorbin domain containing 1, SORBS1; c-Src, SRC; 14-3-3 Mode 1, 

YWHAZ 
 

Protein Accession # Kinase Partner Accessibility 

Integrin Alpha 1 P56199 ABL1 0.738 

   YWHAZ 0.36 

   PRKCD 4.174 

   ITK 0.402 

   PRKCE 1.819 

   CAMK2G 0.847 

   PRKACD 0.619 

Integrin Alpha 2 P17301 PRKDC 3.115 

   PRKCA 0.906 

   PRKDC 3.702 

Integrin Alpha 3 P26006 ABL1 0.184 

   PDPK1 4.361 

   ATM 0.633 
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Table 1: Surface accessibility values for 49 human focal adhesion proteins 
(cont.) 

 

Protein Accession # Kinase Partner Accessibility 

   PIK3R1 0.162 

   MAPK1 0.182 

   MAPK1 0.202 

   MAPK1 0.318 

   AMPH 3.219 

   CDK5 3.338 

   CDC2 3.338 

Integrin Alpha 4 P13612 MAPK1 0.221 

   MAPK1 0.259 

   CAMK2G 0.164 

   PRKACG 2.218 

Integrin Alpha 5 P08648 SRC 1.129 

   PIK3R1 1.129 

   MAPK1 0.253 

   PIK3R1 0.135 

   MAPK1 0.135 

   PRKDC 2.326 

   MAPK3 0.345 

   MAPK1 0.213 

Integrin Alpha 6 P23229 PRKCZ 0.332 

   CAMK2G 2.112 

   PIK3R1 0.31 

   PRKDC 2.563 

   SRC 0.393 

   AKT1 0.841 

   YWHAZ 0.841 

   CRK 4.011 

Integrin Alpha 7 Q13683 MAPK1 0.392 

   MAPK1 0.439 

Integrin Alpha 8 P53708 PRKDC 3.31 

   PRKDC 2.636 

   PDPK1 2.705 

   MAPK1 0.347 

   PRKCE 2.302 

   FGR 0.312 

   ITK 0.202 

Integrin Alpha 9 Q13797 MAPK1 0.079 

   PRKCZ 0.507 

   MAPK3 0.637 

Integrin Alpha V P06756 ITK 0.192 

Integrin Beta 1 P05556 CDK5 1.363 

   CDC2 1.363 
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Table 1: Surface accessibility values for 49 human focal adhesion proteins 
(cont.) 

 

Protein Accession # Kinase Partner Accessibility 

   PDPK1 0.699 

Integrin Beta 4 P16144 PIK3R1 0.283 

   PRKCZ 2.265 

   PRKAA1 0.881 

   CAMK2G 0.357 

   MAPK1 0.315 

   PRKACG 0.817 

   MAPK3 0.593 

   SORBS1 0.708 

   MAPK1 0.562 

   AMPH 7.13 

   ATM 0.867 

Integrin Beta 5 P18084 ABL1 0.204 

   PRKAA1 1.035 

   PDPK1 0.939 

   AKT1 0.953 

Integrin Beta 6 P18564 ATM 0.785 

   MAPK1 0.181 

   SHC1 1.189 

Integrin Beta 7 P26010   

Integrin Beta 8 P26012 GRB2 0.253 

   PRKCA 1.491 

Syndecan-4 P31431   
Urokinase Plasminogen Activator Receptor 
(uPAR) P00749 MAPK1 0.182 

   PRKCD 0.505 

   AKT1 0.505 

   MAPK1 0.379 

SHP-2 Substrate 1 (SHPS-1) P78324 MAPK1 1.321 

   CSNK1G2 0.831 

   INPP5D 0.505 

Talin Q9Y490 PRKCA 1.526 

   PRKCM 0.806 

   CAMK2G 0.385 

   MAPK1 1.355 

   YWHAZ 0.435 

   PLCG1 0.699 

   PRKDC 2.532 

   ATM 2.532 

Filamin P21333 PIK3R1 0.903 

   ITK 0.903 

   PIK3R1 0.885 

   ITSN 0.885 
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Table 1: Surface accessibility values for 49 human focal adhesion proteins 
(cont.) 

 

Protein Accession # Kinase Partner Accessibility 

   PDPK1 0.203 

   INSR 1.291 

   PRKCD 1.734 

   GSK3A 0.394 

   INPP5D 0.472 

   PRKCD 0.778 

   MAPK1 0.213 

   AKT1 0.601 

   PRKAA1 0.601 

   PRKCD 0.601 

   PRKACG 0.712 

   CAMK2G 0.712 

   CDK5 1.258 

   CDC2 1.258 

   CDC2 2.23 

Alpha Actinin P12814 MAPK1 0.182 

   SHC1 2.966 

   PRKCE 1.025 

   NCK1 3.252 

Tensin Q9HBL0 MAPK1 1.5 

   CRK 0.451 

   PRKCD 1.139 

   CAM2KG 1.432 

   CRK 1.222 

   SORBS1 0.796 

   PIK3R1 0.796 

   ITSN 0.796 

   GSK3A 0.97 

   GSK3A 0.75 

   PDPK1 3.891 

   AMPH 1.498 

   ITSN 1.751 

   AKT1 0.897 

   GRB2 3.082 

   MAPK3 2.353 

   GSK3B 1.056 

   GSK3A 1.056 

   MAPK3 1.056 

   YWHAZ 0.562 

   CSNK1G2 0.405 

   MAPK3 3.871 

   YWHAZ 0.576 
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Table 1: Surface accessibility values for 49 human focal adhesion proteins 
(cont.) 

 

Protein Accession # Kinase Partner Accessibility 

   GSK3A 0.415 

   CDK5 1.271 

   CDC2 1.271 

   YWHAZ 0.934 

   GSK3A 0.745 

   PRKACG 2.168 

   MAPK3 0.863 

   GSK3A 0.765 

   GSK3A 1.435 

   PRKACG 0.73 

   YWHAZ 0.654 

   PDPK1 2.459 

   PRKCM 0.55 

Syndesmos Q9BRJ7 CAMK2G 1.168 

Receptor-like tyrosine phosphatase alpha P18433 CSNK1G2 1.304 

   MAPK3 1.864 

   PIK3R1 1.12 

   PLCG1 1.02 

   PLCG1 1.02 

   GRB2 0.95 

   MAPK1 0.39 

   GRB2 1.084 

Focal Adhesion Kinase Q05397 PDPK1 1.615 

   PRKCM 1.065 

   PRKCZ 1.065 

   SRC 0.429 

   PIK3R1 0.429 

   PDGFRB 1.228 

   FGR 1.228 

   ABL1 1.911 

   ITK 1.911 

   CSNK1G2 1.534 

   MAPK1 1.653 

   CAMK2G 0.366 

   CAMK2G 0.605 

   AMPH 4.447 

   PIK3R1 4.447 

   ITSN 4.447 

   AMPH 2.23 

   CRK 3.423 

   PIK3R1 3.423 

   ITSN 6.637 
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Table 1: Surface accessibility values for 49 human focal adhesion proteins 
(cont.) 

 

Protein Accession # Kinase Partner Accessibility 

   PIK3R1 6.637 

   HCLS1 1.659 

   FGR 1.144 

   PDGFRB 1.223 

   EGFR 1.223 

   INSR 1.223 

   PIK3R1 1.223 

Paxillin P49023 LCK 1.483 

   FYN 1.483 

   FGR 1.483 

   SRC 1.483 

   HCLS1 1.504 

   ITSN 1.504 

   PLCG1 1.303 

   CRK 0.651 

   MAPK3 2.378 

   MAPK3 0.511 

   ABL1 0.52 

   MAPK3 1.305 

   CRK 1.112 

   HCLS1 1.659 

   PLCG1 1.659 

   PRKACG 0.353 

Integrin-Linked Protein Kinase Q13418 MAPK1 0.217 

   AKT1 1.505 

Caveolin Q03135   

PINCH-1 P48059 PDPK1 1.756 
Vasodilator-stimulated phosphoprotein 
(VASP) P50552 CRK 1.091 

   HCLS1 1.091 

   NCK1 1.31 

   ABL1 2.005 

   NCK1 2.005 

   PLCG1 2.005 

   ABL1 2.005 

   PLCG1 2.005 

   NCK1 2.005 

   PLCG1 2.005 

   PLCG1 2.005 

   HCLS1 2.005 

   ABL1 2.005 

   PLCG1 2.005 

   CRK 1.069 
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Table 1: Surface accessibility values for 49 human focal adhesion proteins 
(cont.) 

 

Protein Accession # Kinase Partner Accessibility 

   CRK 1.091 

   GRB2 1.091 

   ITSN 1.091 

   HCLS1 1.091 

   PRKAA1 1.463 

   PRKACG 3.912 

Parvin Q9NVD7 CDK5 3.277 

   CDC2 3.277 

   MAPK3 3.277 

   CDK5 3.043 

   CDC2 3.043 

   MAPK3 0.656 

Vinculin P18206 CAMK2G 1.229 

   MAPK1 0.164 

   NCK1 1.754 

Zyxin Q15942 ABL1 1.671 

   GRB2 1.671 

   SRC 1.671 

   ABL1 3.132 

   NCK1 0.689 

   MAPK3 1.52 

   GSK3A 0.445 

   SORBS1 1.273 

   MAPK3 1.004 

Palladin Q8WX93 ATM 1.139 

   PRKDC 1.139 

   CSNK2B 1.922 

   CDK5 3.727 

   CDC2 3.727 

   MAPK1 0.188 

   ABL1 1.774 

   NCK1 1.774 

   GSK3A 1.52 

   MAPK3 1.52 

   GRB2 1.52 

   GSK3A 0.932 

   GSK3B 0.932 

   GSK3A 1.155 

   GSK3A 0.943 

   MAPK3 1.622 

   MAPK3 1.767 

   MAPK3 2.353 
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Table 1: Surface accessibility values for 49 human focal adhesion proteins 
(cont.) 

 

Protein Accession # Kinase Partner Accessibility 

   ITK 2.715 

   CRK 2.715 

   HCLS1 3.132 

   ABL1 1.671 

   SRC 1.671 

   GRB2 1.671 

   HCLS1 1.671 

   NCK1 1.671 

   SRC 1.671 

   INPP5D 0.566 

   CLK2 4.782 

   CLK2 3.533 

   GSK3A 0.898 

   CAMK2G 3.085 

Vinexin O60504 MAPK1 0.349 

   GSK3A 1.623 

   GSK3A 1.988 

   CDK5 0.92 

   CDC2 0.92 

   CDC2 4.553 

   CDK5 4.553 

   MAPK3 1.78 

Ponsin Q9BX66 GSK3A 3.115 

   MAPK3 1.318 

   ABL1 1.448 

   GRB2 0.802 

   HCLS1 0.524 

   YWHAZ 1.997 

   PRKDC 3.099 

   PRKCZ 1.776 

   ABL1 2.146 

   CRK 2.146 

   ABL1 1.858 

   CRK 1.858 

   ABL1 1.858 

   MAPK3 1.038 

   PRKCE 0.965 

   YWHAZ 0.471 

   MAPK1 0.737 

   SORBS1 1.198 

   PDPK1 0.971 

   GSK3A 0.75 
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Table 1: Surface accessibility values for 49 human focal adhesion proteins 
(cont.) 

 

Protein Accession # Kinase Partner Accessibility 

   PLCG1 1.016 

   YWHAZ 0.937 

   MAPK3 0.543 

   GRB2 0.891 

   HCLS1 0.891 

   GSK3A 1.038 

   MAPK1 0.357 

   CAMK2G 1.831 

   ATM 1.831 

ASAP1 Q9ULH1 AKT1 0.528 

   NCK1 3.594 

   GSK3A 3.043 

   CSNK2B 4.137 

   CDK5 2.059 

   CRK 1.222 

   ABL1 1.091 

   NCK1 1.091 

   ITSN 2.285 

   PIK3R1 2.285 

   SORBS1 2.285 

   ITK 5.132 

   ITK 3.968 

   SRC 3.132 

   ITK 3.132 

   PLCG1 2.282 

   MAPK3 1.448 

   GRB2 0.941 

   SRC 0.553 

   PIK3R1 0.553 

   PIK3R1 1.502 

   HCLS1 2.334 

   MAPK1 1.493 

   HCLS1 2.334 

   NCK1 1.383 

   MAPK1 1.493 

   MAPK1 2.022 

   PIK3R1 2.334 

   MAPK3 1.572 

Syntenin O00560   

p21-activated kinase (PAK) Q13153 NCK1 2.647 

   ITK 2.647 

   SORBS1 1.792 
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Table 1: Surface accessibility values for 49 human focal adhesion proteins 
(cont.) 

 

Protein Accession # Kinase Partner Accessibility 

   PRKAA1 0.439 

   GRB2 1.804 

   PDPK1 1.718 

   PLCG1 1.316 

   SRC 0.748 

   MAPK1 0.647 

Protein Kinase AKT P31749 PIP3-E 4.125 

   PRKCZ 0.328 

   AKT1 0.363 

   PRKCE 1.376 

   PRKCM 1.122 

   INPP5D 0.534 

   PDPK1 0.977 

Phosphatidyl inositol 3-kinase (PIK3) P42336 EGFR 0.291 

   MAPK1 0.042 

   ATM 2.384 

   ATM 0.507 

Fyn P06241 PRKCA 1.101 

   MAPK3 1.574 

   ITK 0.292 

Src Kinase P12931 PRKACG 2.602 

   MAPK3 1.187 

   ITK 0.292 

   CSNK1G2 0.69 

p130Cas P56945 EGFR 0.338 

   ABL1 0.338 

   PLCG1 0.338 

   CRK 0.338 

   ABL1 0.582 

   CRK 0.582 

   ABL1 0.983 

   CRK 0.983 

   ABL1 0.983 

   ITK 0.983 

   ABL1 0.835 

   CRK 0.835 

   ABL1 0.835 

   CRK 0.835 

   CRK 1.88 

   ABL1 0.806 

   CRK 0.806 

   NCK1 0.806 
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Table 1: Surface accessibility values for 49 human focal adhesion proteins 
(cont.) 

 

Protein Accession # Kinase Partner Accessibility 

   ABL1 0.806 

   ITK 0.806 

   NCK1 1.72 

   CRK 1.72 

   CRK 0.885 

   NCK1 0.885 

   ABL1 0.885 

   ITK 0.885 

   CRK 0.516 

   NCK1 0.516 

   ABL1 0.516 

   CRK 1.72 

   ABL1 1.72 

   NCK1 1.72 

   ITK 1.72 

   ABL1 0.853 

   CRK 0.853 

   NCK1 0.853 

   ABL1 0.853 

   ITK 0.853 

   ABL1 0.948 

   CRK 0.948 

   ABL1 0.948 

   NCK1 0.948 

   ITK 0.948 

   MAPK1 0.524 

   ABL1 0.819 

   CRK 0.819 

   ABL1 0.306 

   PLCG1 0.306 

   CRK 0.306 

   ITK 0.306 

   MAPK1 0.315 

   YWHAZ 2.951 

   SRC 1.448 

   PIK3R1 1.448 

   PRKCD 1.204 

   SORBS1 0.826 

Calpain II P17655 CSNK1G2 0.403 

   AKT1 0.75 

   MAPK1 0.542 

   EGFR 0.264 
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Table 1: Surface accessibility values for 49 human focal adhesion proteins 
(cont.) 

 

Protein Accession # Kinase Partner Accessibility 

   CSNK2B 1.736 

   PRKCZ 0.675 

Protein Kinase C (PKC) P17252 PRKDC 0.961 

   PRKCD 0.551 

   PRKCZ 0.551 

 [64]  PDPK1 0.656 

   PRKCE 1.756 

   PRKACG 0.447 

   CAMK2G 0.447 

   PDGFRB 1.195 

   FGR 1.195 

    

   EGFR 1.195 

   GRB2 1.195 

   FGR 1.195 

   CRK 1.868 

   PDPK1 0.511 
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Table 2: Human qPCR primers. Below is a list of primers used to amplify sample 
cDNA. 

 Gene Unigene ID Primer 
Pax3 NM_181457 Forward: 

TGTTCAGCTGGGAAATCCGAGACA 
Reverse: 
GTCGATGCTGTGTTTGGCCTTCTT 

Pax7 NM_002584 Forward: 
ACTGTGCCCTCAGGTTTAGTGAGT 
Reverse: 
GTCGATGCTGTGTTTGGCCTTCTT 

MyoD NM_002478 Forward: 
TGTAGCAGGTGTAACCGTAACCCA 
Reverse: 
ATTCCCTGTAGCACCACACACCAT 

Mrf4/Herculin NM_002469 Forward: 
AGAAGTGGCAGAAGGCTCTCCTTT 
Reverse:  
TCTTGCAAGCCCAGATCAGACACT 

Myf5 NM_005593 Forward: 
TGAGAGAGCAGGTGGAGAACTACT 
Reverse: 
AGACAGGACTGTTACATTCGGGCA 

GAPDH NM_002046 Forward: 
TCGACAGTCAGCCGCATCTTCTTT 
Reverse: 
ACCAAATCCGTTGACTCCGACCTT 
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Chapter 3 

High Content Imaging and Analysis are 

Useful Tools for Understanding the Roles of 

Focal Adhesion Proteins in 

Mechanotransduction  

Abstract 

Human mesenchymal stem cells (hMSCs) have been shown to differentiate based 

on the stiffness of their extracellular matrix (ECM), but there is little consensus on the 

specific pathways needed for this process to occur. The role of some focal adhesion 

proteins in stem cell mechanotransduction has been demonstrated, as siRNA-induced 

vinculin knockdown has been shown to inhibit hMSC myogenesis on myogenically 

favorable substrates.  Here we build on this research by analyzing 47 different focal 

adhesion proteins for cryptic MAPK1 binding sites similar to that found in vinculin.  
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Using this parameter we selected 6 candidate focal adhesion proteins for further study in 

a high content imaging and analysis system in which cells were treated with siRNA, 

plated onto a 96 well plate containing two dimensional polyacrylamide surfaces, and 

stained for osteogenic and myogenic differentiation markers.  This is the first high 

throughput system specifically built to analyze stem cell differentiation as a function of 

substrate stiffness and the first time an siRNA screen has been applied to stem cells for 

the purpose of studying substrate stiffness mediated mechanotransduction.   

3.1 Introduction 

The emergence of high throughput screening and high content imaging as 

techniques has enabled the collection and analysis of data at increasing rates.  While the 

techniques are related, important differences must be highlighted.  While formal 

definitions are nebulous, high throughput screening, or HTS, generally refers to the 

process of screening a large number of compounds, or library, against one or more 

functional markers[1].  High throughput screening and ultra high throughput screening 

have been described as those capable of between 10,000 and 100,000 or over 100,000 

compounds tested per day, respectively[2].  HTS systems often take advantage of 

combinatorial chemistry to provide the library of compounds with which to screen, 

especially in the pursuit of drug discovery[3]. Characteristics of these systems include 

low fluid volume, mechanized fluid handling, and the miniaturization of cell-containing 

wells[4].  While HTS platforms are usually based in microplates containing 96, 384, or 

1536 wells (advanced platforms can utilize 6144 or 24,576 well plates [5]), a number of 

alternative high throughput systems have been reported, including high throughput 
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fluorescence activated cell sorting (FACS) [6], mass spectroscopy [7],  and droplet 

microfluidics[8].   

High Content Screening (HCS), to contrast, is centered around analyzing the 

multiple cells based on a number of parameters, most often phenotypic characteristics [9].  

These quantitative parameters can include simple measurements like cell area, aspect 

ratio, absolute position, or perimeter, as well as more complex features such as 

granularity, intensity distributions, texture features, and edge features[10].   There are 

numerous studies utilizing high content screening with applications as far ranging as 

cancer biology[11], drug discovery[12], stem cell biology[13], and neurobiology[14]. 

High throughput, high content siRNA screens have been performed using multi-channel 

immunofluorescence by plating cells on pre-fabricated siRNA arrays in which the siRNA 

has been immobilized onto the surface of the plate [14]. 

While the role of substrate mechanics in stem cell mechanotransduction has seen 

advances in recent years[15-17], high throughput and high content systems have yet to 

play as significant of a role as they have in cancer biology or drug discovery.  This is 

mainly due to technical limitations inherent to working with physiologically relevant 

substrates, including fabrication hurdles and imaging limits. 

In order to study stem cell mechanotransduction on a higher throughput scale, one 

challenge is the fabrication of physiological substrates that can be adapted to a high 

content system.  Creating numerous substrates with which to study stem cell behavior in 

a low throughput system has been performed with great success.  The effect of different 

combinations of cell shape, substrate elasticity, and ECM protein composition has been 

explored[18].  Combinatorial control over matrix characteristics by the addition of side 
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chains of varying lengths to polymer networks has been used to elucidate optimal 

substrate conditions for stem cell behaviors[19].   

The most advanced combination of a high throughput, high content system with a 

biological analysis of substrate mechanics was performed by Wei et al., who seeded cells 

onto a diverse polymer array consisting of 496 monomer combinations[20]. By using 

high content imaging to analyze human embryonic stem cells (hESCs) plated on these 

arrays, an optimal substrate profile for the maintenance of hESC pluripotency was 

identified. 

Despite these advances, there has yet to be any high throughput research on the 

mechanically sensitive differentiation of stem cells as a function of substrate stiffness.  

Here, we aim to fill this void with an emphasis on the elucidation of focal adhesion 

proteins that are necessary for this substrate mediated differentiation by combining a pilot 

focal adhesion siRNA screen with a 96 well array of tunable substrate stiffnesses [21].  

We report the identification of several hits with proteins that may play a role in substrate-

stiffness dependent differentiation. 

3.2 Materials and Methods 

3.2.1 Cell Culture and Reagents 

Human mesenchymal stem cells were obtained from Lonza, Inc. and maintained 

in growth medium (DMEM, 10% FBS, 100 units/mL penicillin, and 100 µg/mL 

streptomycin) changed every four days (except those in 96 well plates).  Only low 

passage hMSCs were used for experimental studies, typically between passage 5 and 
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passage 9.  Latex lab gloves were used at all times (Adenna, Ontario, CA).  For MAPK1 

inhibition, the MAPK inhibitor pyrazolylpyrrole, dissolved in DMSO, was used at a final 

concentration of 2 nM and added to cells immediately post-plating. At 2 nM, 

pyrazolylpyrrole has only been shown to inhibit MAPK1[22].  Non-differentiation based 

experiments, including MAPK1 immunofluorescence and western blots and durotaxis 

assays were performed after 24 hours while siRNA-induced protein knockdown was at a 

maximum.  Conversely, differentiation experiments took place over the course of six, 

since differentiation occurs as the integration of cues over time, allowing one to assume 

that examining the cells over the course of six days still reflects the initial RNAi. 

3.2.2 Polyacrylamide Hydrogel Fabrication 

 Acrylamide was polymerized on aminosilanized 12 or 25 mm diameter 

coverslips.  A solution containing the crosslinker N, N’ methylene-bis-acrylamide, 

acrylamide, 1/100 volume 10% Ammonium Persulfate and 1/1000 volume of N, N, N’, 

N’-Tetramethylethylenediamine was mixed.  Two different combinations of acrylamide 

and bis-acrylamide were used to make 11 and 34 kPa substrates.  Approximately 12 or 50 

uL of the mixed solution was placed between the aminosilanized coverslip and a 

chlorosilanized glass slide.  100 ug/mL collagen I was chemically crosslinked to the 

substrates using the photoactivating crosslinker Sulfo-SANPAH (Pierce). 
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3.2.3 96-Well Polyacrylamide Hydrogel System 

Custom 96 well plates containing polyacrylamide hydrogels (Softwell 96) 

crosslinked to glass bottom surfaces and surface coated with collagen type I were 

obtained from Matrigen (Brea, CA).  Plates contained 48 12 kPa wells and 48 50 kPa 

wells for inducing myogenesis and osteogenesis, respectively. Stiffness values were 

verified by AFM (Figure 1B) (Asylum, Santa Barbara, CA).  PA gel thickness was also 

verified via confocal microscopy (Figure 1C,D) (Nikon, Tokyo, Japan). 

3.2.4 siRNA Transfection 

siRNA oligonucleotides against human vinculin, p130Cas, SORBS1, SORBS3, 

Palladin, Paxillin, and Filamin (ON-TARGETplus SMARTpool; Thermo Fisher 

Scientific, Waltham, MA) and a pool of four non-targeting siRNAs control 

oligonucleotides (Supplemental Figure 1B) (ON-TARGETplus siControl; Dharmacon), 

diluted in DEPC water (OmniPure, EMD) and 5X siRNA buffer (Thermo Fisher 

Scientific, Waltham, MA), were transiently transfected into human hMSCs using 

Dharmafect 1 (Thermo Fisher Scientific, Waltham, MA) at an optimized concentration of 

50 nM in low serum antibiotic free growth media, according to the manufacturers’ 

protocols.  Specific siRNA sequences can be found in Table 1. Protein knockdown was 

characterized by western blot and immunofluorescence.  After 24 hours of transfection in 

antibiotic-free media (2% FBS), media was replaced with standard hMSC growth media 

and cells replated onto appropriate substrates. 
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3.2.5 Immunofluorescence 

hMSC cells were cultured on polyacrylamide gels or 96 well plates, fixed with 

3.7% formaldehyde, and permeabilized with 1% Triton-X.  The cells were then stained 

with primary antibodies against human MyoD (sc-32758, Santa Cruz, Dallas, TX), Myf5 

(sc-302, Santa Cruz, Dallas, TX), Osterix (ab22552, Abcam, Cambridge, England), 

CBFA1 (sc-101145, Santa Cruz, Dallas, TX), pMAPK1 (ab76165, Abcam, Cambridge, 

England), MAPK1 (ab124362, Abcam, Cambridge, England), Vinculin (ab129002, 

Abcam, Cambridge, England), p130Cas (ab108320, Abcam, Cambridge, England), 

SORBS1 (ab4551, Abcam, Cambridge, England), SORBS3 (GTX-115362, Genetex, 

Irvine, CA), Filamin (ab51217, Abcam, Cambridge, England), or Paxillin (ab32084, 

Abcam, Cambridge, England).  Corresponding secondary antibodies were conjugated to 

Alexa Fluor 488 (FITC) or Alexa Fluor 647 (Cy5) (Invitrogen, Carlsbad, CA).  Nuclei 

were counterstained with Hoechst dye (Sigma, St. Louis, MO), and the actin cytoskeleton 

was stained with Rhodamine-conjugated Phalloidin (Invitrogen, Carlsbad, CA).  Cells not 

plated in 96 well plates were imaged with a Nikon Eclipse Ti-S inverted fluorescence 

microscope equipped with a BD Carv II camera.   

3.2.6 High Content Imaging 

96 well plates were imaged on a CV1000 Cell Voyager (Yokogawa Electric Co., 

Tokyo, Japan). Briefly, 20 confocal images were taken 25 different points in each well 

(forming a 5x5 map) with three different wavelengths (FITC, TXRD, and DAPI).  

Maximum Intensity Projections (MIPs) were constructed from the 20 confocal images, 

resulting in a single map for each well.   
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3.2.7 Automated Image Analysis 

A semi-automated custom image analysis pipeline using CellProfiler[23] was 

utilized on all MIP maps.  Outlines of nuclei were obtained as primary objects with 

automatic Otsu Global thresholding, and cell outlines were obtained using the rhodamine 

phalloidin channel as secondary objects using a Watershed Gradient algorithm. The 

pipeline calculated morphological attributes (such as cell area, aspect ratio, and 

eccentricity) for each cell, as well as the mean and integrated density of the green channel 

signal in nuclei, cell outlines, and cytoplasm outlines.  Data analysis was performed with 

Microsoft Excel, GraphPad Prism and CellAnalyst[24]. 

3.2.8 Western Blots 

Cell lysates were collected by rinsing samples with cold PBS, followed by a five 

minute lysis in mRIPA buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1.5 mM MgCl2, 

1% Triton, 1% Na-DOC, 0.1% SDS) with 1mM EGTA, 1 mM Na3VO4, 10 mM Na4P2O7, 

and 1 mM PMSF.  Samples were stored at -80o C until analysis. Cell lysates were run in 

10% SDS-PAGE gels at 150 V until proteins were separated and transferred to PVDF 

membranes (Bio-Rad, Hercules, CA) by running at 100 V for 1 hour, 15 minutes in a 

transfer apparatus (Bio-Rad, Hercules, CA).  The membranes were washed in Buffer A 

(25 mM Tris-HCl, 150 mM NaCl, 0.1% Tween-20) + 4% SeaBlock (Thermo Fisher 

Scientific, Waltham, MA) overnight at 4oC.  The membranes were then incubated with 

anti-Vinculin, GAPDH, Actin, ERK2, p-ERK2 (T202 and Y204), p130Cas, SORBS1, 

SORBS3, Filamin, or Paxillin for 1 hour, washed with Buffer A + SeaBlock, and 

incubated in streptavidin horseradish-peroxidase-conjugated secondary antibodies (Bio-
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Rad, Hercules, CA) for 30 minutes at room temperature.  Immunoblots were visualized 

using ECL reagent (Pierce, Rockford, IL). All western blot antibodies were obtained 

from Abcam (Cambridge, ENG). 

3.2.9 Durotaxis Assay 

A two-step polymerization process described by Choi et al. [25] was used to 

fabricate substrates for the durotaxis assays.  Briefly, glass coverslips (Thermo Fisher 

Scientific, Waltham, MA) were functionalized with 20 mM 3-(Trimethoxysilyl)propyl 

methacrylate and dried.  A polyacrylamide solution consisting of 4% acrylamide, 0.4% 

bis-acrylamide, 1/100 volume 10% ammonium persulfate (APS) and 1/1000 volume of 

N, N, N’, N’-tetramethylethylenediamine (TEMED) was pipetted in 20 µL volumes onto 

silicon wafers patterned with 25 mm long by 100 µm wide by 20 µm high rectangular 

ridges and allowed to polymerize for 15 minutes.  After separating the wafer from the 

hydrogel, the hydrogel was placed onto a 20 uL drop of a second polyacrylamide solution 

consisting of 3.2% acrylamide and 0.4% bis-acrylamide and allowed to polymerize for 15 

minutes.  The final gel was soaked in phosphate buffered saline (PBS) before 

functionalization and cell plating.    

3.2.10 Statistics 

All experiments were performed in triplicate with the number of cells analyzed 

per condition as indicated. Error bars are shown as standard deviation. Significance was 

assessed by ANOVA at a significance threshold of p<0.05 or lower as indicated. Values 
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between 0.1 and 0.05 are noted as well. For instances where data is not significantly 

different, N.S. is stated. 

3.3 Results 

3.3.1 Characterization of 96 Well Plate System 

 96 well plates were ordered from Matrigen in a custom stiffness pattern, with the 

left 48 wells coated with 12 kPa myogenic polyacrylamide (PA) substrates and the right 

48 wells coated with 50 kPa osteogenic PA substrates (Figure 1A).  AFM analysis of 

these substrates revealed that the 12 kPa substrates were actually 38.0 kPa, making them 

osteogenic (Figure 1B).  The advertised 50 kPa gels were actually 79.0 kPa, making them 

non permissive to osteogenesis or myogenesis.  To analyze myogenesis, 12 mm 

coverslips were fabricated with 11 kPa substrates as per previously described 

methods[16].  These myogenic substrates had a measured stiffness of 15.8 kPa (Figure 

1B). 

 To ensure that the thickness of the gels in the 96 well plate was high enough to 

avoid bilayer effects from the glass layer, a 4 kilodalton fluorescein labeled dextran bead 

solution was added to the gels and allowed to diffuse throughout the gels.  Following this, 

a gel impermeable 0.1 µm phalloidin bead solution was added to delineate the surface of 

the gel from the solution (Figure 1C).  By measuring the distance from the start of the 

green signal to the red signal, an average thickness of 254.7 µm was obtained (Figure 

1D). 
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Figure 1: Characterization of Matrigen 96 Well Plates and Polyacrylamide Gels. A) 
The 96 well plate. B) AFM measurements of myogenic and osteogenic hydrogels.  C) 

Schematic illustrating the diffusion based technique used to determine gel thickness.  D) 
Gel thickness of myogenic and osteogenic hydrogels. 
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 3.3.2 Focal Adhesion Protein Selection and Knockdown Verification 

47 focal adhesion protein candidates were analyzed to determine the number of 

cryptic binding sites contained within their structure using the web tool ScanSite.  Five 

proteins, Vinculin, p130Cas, Filamin, SORBS1 (Ponsin), SORBS3 (Vinexin) (Figure 

2A), were selected for siRNA knockdown and analysis due to their predicted cryptic 

MAPK1 binding sites (Figure 2B).  A sixth protein, Paxillin, was selected as a non-

cryptic binding site containing control protein. 

siRNAs coding for these six proteins (Table 1) were used to transiently knock 

down candidate protein levels.  Knockdown was verified by western blot (Figure 3A) and 

immunofluorescence (Figure 3B,C). 

3.3.3 The Role of Focal Adhesion Proteins in Myogenesis and 

Osteogenesis 

To analyze images collected using the high content imaging system, a CellProfiler 

pipeline was built to do the following tasks: 1) Input images containing the DAPI signal, 

the rhodamine phalloidin signal, and the differentiation marker signal. 2) Calculate an 

Otsu-Global threshold for the DAPI image to find all nuclei (Figure 4A). 3) Using the 

identified nuclei as a seed region, move outward to identify corresponding outlines of the 

cell using the rhodamine phalloidin stain (Figure 4B). 4) Using the identified cell outlines 

and nuclei outlines, calculate the signal intensity of the differentiation marker channel on 

a per-object basis (Figure 4B).  Using this pipeline, it is possible to distinguish cells with 

nuclear expression only, cytoplasm expression only, uniform positive expression, and 

uniform negative expression (Figure 4C). 
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Figure 2: ScanSite Analysis of 6 Candidate Mechanosensors. A) Plots of 
surface accessibility reveal regions corresponding to predicted MAPK1 domains. 

B) Actual sites and surface accessibility values for given predicted MAPK1 
binding domains. 
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Figure 3: Confirmation of siRNA-induced Knockdown. A) Western blots of 
lysates collected 2 days post-treatment. B) Immunofluorescence images of 

proteins being knocked down.  C) Quantification of mean immunofluorescence 
intensity from knockdown cells. 
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Figure 4: CellProfiler Pipeline. A) Nuclei are identified first from the DAPI channel. 
B) Using the nuclei as seed regions, cell outlines are identified for each nucleus. C) By 
analyzing the cells and the nuclei separately, important marker distribution information 

can be obtained. 
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Applying this pipeline to images collected from wells stained for osteogenic 

markers revealed that p130Cas, filamin, paxillin, and SORBS3 (Vinexin) knockdown did 

not affect osteogenic differentiation signals after four days.  However, the knockdown of 

SORBS1, or ponsin, was shown to reduce osteogenic signal by over 50% (Figure 5A-E).  

This reduction was found in both CBFA1 and Osterix expression.  SORBS1 has been 

shown to interact with vinculin[26] and play a role in insulin signaling [27]. 

Interestingly, vinculin knockdown, which was shown to not affect CBFA1 

expression in previous works[16], was responsible for a significant (Bonferroni post-test 

on ANOVA) 25% reduction in CBFA1 signal.  This significance was not found in 

Osterix staining (Figure 5). 

Cells plated on myogenic substrates exhibited elevated levels of the myogenic 

markers MyoD and Myf5 (Figure 6).  siRNA knockdown of vinculin resulted in a loss of 

both MyoD and Myf5, confirming previous results[16].  Furthermore, the knockdown of 

a number of other cryptic-MAPK1-binding domain containing proteins significantly 

reduced the expression of both MyoD and Myf5, including p130Cas and SORBS3.  

Filamin, SORBS1, and Paxillin were found to significantly reduce the expression of one 

of the two myogenic markers (Figure 6).  Paxillin does not contain a cryptic MAPK1 

binding site, yet still significantly reduced the expression of Myf5 after four days.  This 

could be due to the fact that Paxillin does have a cryptic binding domain for MAPK3. 
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Figure 5: Osteogenic Differentiation and Focal Adhesion Protein Knockdown. 
Normalized mean intensity levels of A) CBFA1 and B) Osterix immunofluorescence 

staining after four days of culture of osteogenically favorable 34 kPa substrates.  
Representative images showing cell outlines along with C) CBFA1 and D) Osterix 

expression. E) Heat map indicating fold-change in expression of the osteogenic 
markers from day 0 wild type cells. 
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Figure 6: Myogenic Differentiation and Focal Adhesion Protein Knockdown. 
Normalized mean intensity levels of A) Myf5 and B) MyoD immunofluorescence 

staining after four days of culture of myogenically favorable 11 kPa substrates.  
Representative images showing cell outlines along with C) Myf5 and D) MyoD 

expression. E) Heat map indicating fold-change in expression of the myogenic markers 
from day 0 wild type cells. 
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To analyze the effects of multiple siRNA induced knockdowns on stiffness-

mediated hMSC differentiation, vinculin knockdown was used in tandem with SORBS1 

knockdown or p130Cas knockdown.  When these knockdown combinations were applied 

to cells plated on myogenically favorable 11 kPa substrates, a statistically insignificant 

reduction in both MyoD expression and Myf5 expression was observed (Figure 7A).  

Conversely, on osteogenically favorable 34 kPa substrates, the combination of vinculin 

knockdown with either SORBS1 or p130Cas knockdown resulted in osteogenic marker 

expression equivalent to wild type levels, indicating that complex compensatory 

mechanisms may play a role in restoring osteogenesis (Figure 7B). 

 

3.3.4 MAPK1 Inhibition in Mechanosensing hMSCs 

 To analyze the effect of MAPK1 inhibition on substrate stiffness directed hMSC 

differentiation, the potent MAPK1 inhibitor pyrazolylpyrrole was applied to cells at the 

beginning of the time course.  While this was previously done on myogenically favorable 

11 kPa substrates[16], the effect of MAPK1 inhibition on osteogenesis is unknown.  

After four days on osteogenically favorable substrates, cells treated with the MAPK1 

inhibitor showed a loss in osteogenic signal equivalent to SORBS1 knockdown (Figure 

8B).  This may be due to the fact that a global MAPK1 inhibitor can affect many different 

pathways, as MAPK1 is a well-known integrator protein.  Loss of myogenic 

differentiation marker expression was confirmed (Figure 8A).   
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  Figure 7: Combinatorial Knockdown of Focal Adhesion Proteins. Vinculin 
knockdown was used in tandem with SORBS1 knockdown or p130Cas knockdown on 

both A-B) myogenically favorable substrates and C-D) osteogenically favorable 
substrates.  Respectively, cells were stained for A) Myf5 or B) MyoD and C) CBFA1 

or D) Osterix. 
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Figure 8: MAPK1 inhibition and Myogenic and Osteogenic Differentiation. 
The potent MAPK1 inhibitor pyrazolylpyrrole was applied to cells at the 
beginning of the four day time course on both A-B) myogenic and C-D) 

osteogenic substrates and stained for A) MyoD, B) Myf5, C) CBFA1, or D) 
Osterix. 
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Figure 9: Secondary Metrics from High Content Image Analysis. A) Average cell 
area and B) Average cell eccentricity were used as metrics to assess cell morphology.   
Eccentricity is calculated as the ratio between the distance between the two foci of a 

fitted ellipse and the major axis length of the cell. 

 



 100 
 

 

3.3.5 Secondary Metrics of Focal Adhesion Protein Knockdown 

 To ensure that the knockdown of the candidate focal adhesion proteins was not 

disrupting normal cell behavior, two metrics were chosen for initial analysis in the high 

throughput system.  As the CellProfiler software is able to gather these metrics 

automatically, they lend themselves to simple and effective high content analysis.  The 

addition siRNA against each focal adhesion protein did not significantly affect cell area 

(Figure 9A) or cell eccentricity (Figure 9B), which is a metric for the spindle factor of 

cells, calculated by finding the ratio of the distance between the foci of a fitted ellipse to 

the major axis length. 

3.4 Conclusions 

We used Scansite to select five candidate proteins that could potentially play a 

role in MAPK1-based mechanosensitive differentiation.  We then built a high throughput, 

high content analysis based system capable of finding hits much more quickly and 

efficiently.  Finally, we used this system to identify SORBS1 as a potential effector of 

osteogenesis in hMSCs, confirmed vinculin’s role in myogenesis, and identified p130Cas 

and SORBS3 as potential effectors of myogenesis.  This method can be applied to a 

number of applications in cell biology in which an immunofluorescently labeled marker 

is differentially upregulated or downregulated in response to substrate stiffness changes. 
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3.6 Appendix 
 

Table 1: siRNA sequences. 
 Gene Accession 

Number 
Sequences 

Vinculin P18206 CAGCAUUUAUUAAGGUUGA, 
GCCAAGCAGUGCACAGAUA, 
GAGCGAAUCCCAACCAUAA, 
UGAGAUAAUUCGUGUGUUA 

p130Cas P56945 GGUCGACAGUGGUGUGUAU, 
GGCCACAGGACAUCUAUGA, 
GCAAUGCUGCCCACACAUC, 
CCAGAUGGGCAGUACGAGA 

Paxillin P49023 GAGCUAACAUCCAUAUUUA, 
GUGCAACUGUCUUUAAUAU, 
CCAGUAACUUUCACAUGUA, 
GAGUUUAUCUGGAGUGUAG 

Filamin P21333 GCAGGAGGCUGGCGAGUAU, 
GCACCCAGACCGUCAAUUA, 
GCACAUGUUCCGUGUCCUA, 
GAAUGGCGUUUACCUGAUU 

SORBS1 Q9BX66 CAAGAGCAUUUACGAAUAU, 
GAGAUGAGCUACAUUGAUG, 
UAUACCAGCUGAUUACUUG, 
GAAGAGCACUCAGGACUUA 

SORBS3 O60504 GAGAGGCUGUGGCCCAGUA, 
CAUCUUCCCUGCUAAUUAU, 
CCAAGGAGCUGACUCUGCA, 
CCUAACACCUCUCAGAUAC 
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Chapter 4 

Conclusion 

Human mesenchymal stem cell (hMSC) proliferation, migration, and 

differentiation have all been linked to extracellular matrix stiffness, yet the signaling 

pathway(s) that are necessary for mechanotransduction remain unproven. Vinculin has 

been implicated as a mechanosensor in vitro, but here we demonstrate its ability to also 

regulate stem cell behavior, including hMSC differentiation.  RNA interference-mediated 

vinculin knockdown significantly decreased stiffness-induced MyoD, a muscle 

transcription factor, but not Runx2, an osteoblast transcription factor, and impaired 

stiffness-mediated migration. A kinase binding accessibility screen predicted a cryptic 

MAPK1 signaling site in vinculin that could regulate these behaviors.  Indeed, 

reintroduction of vinculin domains into knocked-down cells indicated that MAPK1 

binding site-containing vinculin constructs were necessary for hMSC expression of 

MyoD. Vinculin knockdown does not appear to interfere with focal adhesion assembly, 

significantly alter adhesive properties, or diminish cell traction force generation, 

indicating that its knockdown only adversely affected MAPK1 signaling.  These data 
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provide some of the first evidence that a force-sensitive adhesion protein can regulate 

stem cell fate. 

We build on this research by analyzing 47 different focal adhesion proteins for 

cryptic MAPK1 binding sites similar to that found in vinculin.  We used Scansite to 

select five candidate proteins that could potentially play a role in MAPK1-based 

mechanosensitive differentiation.  We then built a high throughput, high content analysis 

based system capable of finding hits much more quickly and efficiently.  Finally, we used 

this system to identify SORBS1 as a potential effector of osteogenesis in hMSCs, 

confirmed vinculin’s role in myogenesis, and identified p130Cas and SORBS3 as 

potential effectors of myogenesis.  In addition, the high throughput system was also used 

to analyze combinatorial application of siRNA and global chemical inhibitors for 

MAPK1.  This method can be applied to a number of applications in cell biology in 

which an immunofluorescently labeled marker is differentially upregulated or 

downregulated in response to substrate stiffness changes. 
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