
In the stem cell niche, stem cells receive biochemical and 

biophysical signals, which dictate the cell fate in 

development or regeneration. Th ese cues have been 

demonstrated to be crucial in directing stem cell diff er en-

tiation in numerous studies. Stem cell diff erentiation 

using biochemical cues, such as growth factors or small 

molecule inhibitors, has been extensively studied. Mean-

while, inducing stem cell diff erentiation using bio physical 

signals is not well understood and has recently been 

attracting attention. Breakthroughs in research have 

highlighted the signifi cance of mechanotransduction in 

stem cell diff erentiation. Biophysical signals can be 

transduced into changes in cell biochemistry through 

mechanotransduction of interactions with the extra-

cellular matrix (ECM) substrate, or interactions with 

neighboring cells; in specifi c cases, fl uid fl ow forces are 

also involved in altering cell biochemistry. Examples of 

these biophysical cues are illustrated in Figure  1. Bio-

physical cues can be controlled by manipulating substrate 

stiff ness [1], by ECM patterning techniques to confi ne 

cell shape [2], by modifying surface topography [3,4], or 

by applying external forces (compressive, tensile or shear 

force) [5].

Mechanotransduction involves a complex interplay of 

diff erent cellular organelles and components, which by 

themselves are highly dynamic in vivo [6]. However, 

advance ment in experimental techniques has helped to 

provide increasing evidence about the mechanisms and 

the cellular components such as the integrins, focal 

adhesions (FAs) and cytoskeleton organization that 

collectively play important roles in biophysically induced 

cellular behaviors [6-8].

Nonetheless, the underlying mechanism of biophysi-

cally induced stem cell diff erentiation remains unclear. 

Collective research eff orts have revealed several key 

signaling components involved in mechanically induced 

diff erentiation. While various indirect and physio chemi-

cal mechanisms such as calcium signaling [9] and 

mechanosensitive ion channels [10] have been studied, in 

this review we will focus on FAs and cytoskeletal con-

tractility, Rho GTPase signaling and nuclear regulation. 

We will briefl y introduce the important components of 

the mechanotransduction machinery, and the recent 

discoveries in force-dependent stem cell diff erentiation. 

Th e general overview of mechanical control of stem cell 

diff erentiation has been discussed in a few excellent 

reviews [5,11-13]. For details of mechanotransduction in 

cell regulation, readers can refer to reviews by Vogel and 

Sheetz [14,15].

Integrins and focal adhesions: inside out and 

outside in

Anchorage-dependent cells are able to adhere to the 

underlying ECM substrate by employing membrane-

bound integrins. Various diff erent types of adhesions 

exist between cells and the ECM, and they perform 

Abstract

Stem cells interact with biochemical and biophysical 

signals in their extracellular environment. The 

biophysical signals are transduced to the stem cells 

either through the underlying extracellular matrix 

or externally applied forces. Increasing evidence 

has shown that these biophysical cues such as 

substrate stiff ness and topography can direct stem 

cell diff erentiation and determine the cell fate. The 

mechanism of the biophysically induced diff erentiation 

is not understood; however, several key signaling 

components have been demonstrated to be involved 

in the force-mediated diff erentiation. This review will 

focus on focal adhesions, cytoskeletal contractility, Rho 

GTPase signaling and nuclear regulation in connection 

with biophysically induced diff erentiation. We will 

briefl y introduce the important components of the 

mechanotransduction machinery, and the recent 

developments in the study of force-dependent stem 

cell diff erentiation.

© 2010 BioMed Central Ltd

Force-dependent cell signaling in stem cell 
diff erentiation
Evelyn KF Yim1,2,3 and Michael P Sheetz*1,4

R E V I E W

*Correspondence: mbihead@nus.edu.sg
1Mechanobiology Institute Singapore, National University of Singapore, T-Lab, 

#05-01, 5A Engineering Drive 1, Singapore 117411, Singapore

Full list of author information is available at the end of the article

Yim and Sheetz Stem Cell Research & Therapy 2012, 3:41 
http://stemcellres.com/content/3/5/41

© 2012 BioMed Central Ltd



diff erent and specifi c functions in cells [16]. Th ese types 

include cell–cell adhesions (for example, cadherins) and 

cell–matrix interactions. Th e cell–matrix interactions 

through integrin-based adhesion complexes [6] are the 

most fundamental adhesions involved in the stem cells’ 

response to biophysical signals.

Integrins are heterodimeric transmembrane cell 

adhesion proteins that bind to specifi c motifs present on 

the ECM [17,18]. Changes in the physical structure of the 

underlying substrate can infl uence the clustering of 

integrins and other adhesion molecules, in turn activating 

signaling pathways that will ultimately result in modi-

fi cation of cell behavior. Using precise nanoscale adhesive 

islands, Arnold and colleagues established a relationship 

among integrin clustering, FA formation and actin stress 

fi bers that infl uenced the adhesion and spreading of cells 

[19]. A separation of ≥73 nm between RGD ligand, which 

is an integrin binding site found in fi bronectin, on the 

ECM substrate will reduce the cell attachment, cell 

spreading and FA formation, showing the importance of 

integrin clustering in the regulation of integrin-mediated 

signal transduction [19]. Further studies have determined 

that the minimum cluster size is 3 to 4 RGD ligands to 

produce a similar cluster of integrins [20]. Using a novel 

nanoscale ligand spacing gradient, Arnold and colleagues 

also suggested that cells were sensitive to changes in 

inter particle spacing of about 1  nm over a cell length, 

demon strating the sensitivity of the cellular sensing 

mechanism [21]. Th e sensitivity to minute variations may 

have physiological implications. For example, ECM 

collagen fi bers have a 67 nm banding periodicity [22] and 

fi bro nectin fi bers present nanoscale epitopes [23,24].

Upon binding to the ECM ligands, integrins cluster and 

activate specifi c signaling pathways. Th e biophysical 

cues, such as nanotopography and substrate rigidity, will 

modify the activation of integrin clustering, which is 

probably the initial step in subsequent signal transduction 

in stem cell genomic regulation. In fact, neural stem cells 

in the central nervous system appear to have higher levels 

of β
1
-integrins, which act as sensors for the changing 

Figure 1. Schematic diagrams of various methods to apply biophysical signals to cells. (A) Manipulation of substrate stiff ness by (i) tuning 

the rigidity of the materials or (ii) using micro-post array with diff erent height to adjust the rigidity. (B) Confi nement of cell shape by patterning 

extracellular matrix protein such as fi bronectin onto the substrate. Area outside the patterned shape will be coated with anti-fouling reagent 

to prevent cell adhesion. (C) Modifi cation of surface topography. (D) Application of external forces, such as compression by compressing the 

substrate, tension by stretching the substrate, or shear stress by fl uid fl ow.
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ECM during embryonic development and adult neuro-

genesis [25]. Th is correlation between β
1
-integrin 

expression and neurogenesis further suggests that the 

modulation of integrin expression is involved in sensing 

and responding to the biophysical cues and the regulation 

of stem cell diff erentiation. However, the role of integrins 

in gene regulation is complex because these receptors 

participate in both the sensory and operational functions 

of the cellular machinery, also commonly known as the 

outside–in (sensory) and inside–out (operational) signal-

ing activities. Th e observed dynamics of the integrins on 

the ECM substrate can be due to both the response of the 

cell to the underlying ECM and/or a secondary eff ect of 

the actin–cytoskeleton FA feedback machinery. Th e 

complexity in the feedback network connecting the 

sensory and operational functions is also refl ected in the 

highly intertwined integrin adhesome network [26].

One of the most important integrin-mediated adhe-

sions involved in mechanotransduction is a FA [6,27], 

which links the actin cytoskeleton to the transmembrane 

integrins [26,28]. FAs are composed of a large complex 

network of adhesion molecules [16]. Some of the 

important structural proteins include talin, vinculin and 

focal adhesion kinase (FAK) (Figure 2A). Th e formation 

and maturation of a FA are driven by feedback between 

the actin cytoskeleton and integrin [6]. Briefl y, talin 

connections of integrin dimers with the actin fi laments 

are needed for the recruitment of additional components 

in the complex [29]. Th e subsequent maturation of the 

complex requires contractile force to be generated by the 

actomyosin machinery [30,31]. Readers can refer to an 

excellent review by Geiger and colleagues for a more 

detailed description of the steps and mechanism of the 

FA assembly [6], and to a recent study by Kanchanawong 

and colleagues for the nanoscale architecture of the FA 

[32].

Th e mechanical force exerted on cells plays an 

important role in the promotion of FA formation. 

Another important component of FAs, vinculin, triggers 

the clustering of activated integrins [33]. Th e binding of 

vinculin to talin during the initial stages of FA assembly is 

force mediated, and the binding site for vinculin requires 

unfolding that is achieved by mechanical forces [34]. 

Indeed, stretching of the talin molecule can expose 

binding sites for vinculin, facilitating the recruitment and 

activation of vinculin at the FA [35]. Similarly for p130cas 

and fi bronectin, mechanical forces can expose cryptic 

sites for phosphorylation or for interaction with cell 

surface receptors, respectively [24,36,37].

A recent study using human fi broblasts has demon-

strated that cell polarization is matrix rigidity dependent, 

in which cells are polarized on rigid substrates but not on 

compliant substrates [38]. Using a systematic siRNA-

mediated knockdown of 85 human protein tyrosine 

kinases, changes in substrate rigidity-dependent traction 

force development and FA mechanosensing are observed 

to be accompanied by abnormalities in the cell polari-

zation response. Th e authors therefore propose that the 

protein tyrosine kinase-dependent molecular check-

points jointly control cell contractility and FA-mediated 

mechanosensing.

FA mechanosensing has been shown crucial for stem 

cells and force-mediated diff erentiation. In a study of 

mesenchymal stem cell (MSC) responses to micropillar 

substrates, FA maturation and actin polymerization were 

promoted in the MSCs on the micropatterns [39]. By 

inhibiting the Rho-associated kinase (ROCK) and non-

muscle myosin II, the cytoskeletal contractility, FA 

formation and FAK activity were reduced. We believe 

that the FA signal and cytoskeletal contractility were 

crucial in topography-mediated diff erentiation. Th e 

diff er entiation of human MSCs will probably correlate 

with the FAK activity and the cytoskeletal contractility.

Th e actomyosin contractile stresses that actin exerts on 

the adhesions are essential for the formation of a FA. Th e 

global forces that are experienced by the cells under 

biophysical cues can alter the forces that the FAs are 

experiencing, subsequently changing their diff erentiation 

lineage. All of these studies indicate that FAs play an 

important role in mechanotransduction, also in regulat-

ing force-induced stem cell diff erentiation.

Cytoskeletal contractility: testing and responding 

to the extracellular biophysical environment

Force generation in the cytoskeleton is required for cell 

adhesion to the ECM. Th e contractile cytoskeleton 

consists of actin, myosin, microtubules and intermediate 

fi laments. Th ey form a network of fi lamentous proteins 

that extends throughout the cell cytoplasm in eukaryotic 

cells. Th e cytoskeleton has been well studied and an 

increasing amount of evidence has demonstrated the 

signifi cance of the cytoskeleton in stem cell diff eren-

tiation [1,2,40].

Recently, there was a breakthrough in our under-

standing of the early events in cellular testing of substrate 

rigidity. As cells spread on substrates, it has been clear 

that cells sense the rigidity of the matrix materials in a 

dynamic fashion [41], within the fi rst 2 to 5 minutes upon 

contact with a surface. Using submicron pillar substrates, 

it is now clear that local contractions of 1 to 3 μm regions 

of the cell surface are suffi  cient to sense the substrate 

rigidity [42]. Th is observation is consistent with previous 

studies of matrix-coated beads that showed a minimum 

cell–substrate contact length of 1 to 2 μm was needed to 

generate cell adhesions [43]. Smaller contact areas 

developed adhesions only with external force, as applied 

by laser tweezers. Such local contraction units can only 

occur if there are anti-parallel actin fi laments, which may 
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Figure 2. Schematic diagram of possible key signaling components in the force-mediated stem cell diff erentiation. These 

mechanotransduction components include focal adhesion (FA), cytoskeletal contractility, Rho GTPase signaling and nuclear regulation. 

Simplifi ed schematic diagram showing the components involved in (A) FAs in mechanotransduction, (B) the RhoA pathways in the regulation 

and diff erentiation of (i) embryonic stem cells and (ii) adult stem cells, and (C) nuclear regulation. (B) Pharmaceutical inhibitors are indicated in 

green text. Dotted lines, signaling pathway with intermediate steps not shown; dashed lines, signaling pathway with intermediate steps yet to 

be identifi ed. (?), examples of questions under active research. Arrow, activation; block-ended line, inhibitions. B-Cat, beta-catenin; BMP, bone 

morphogenetic protein; Cad, cadherin; CCMT, continuous cyclic mechanical tension; ESC, embryonic stem cell; FAK, focal adhesion kinase; 

GEF, guanine exchange factor; KASH, Klarsicht, Anc-1, and Syne homology; LPA, lysophosphatidic acid; MLCK, myosin light-chain kinase; MSC, 

mesenchymal stem cell; NPC, neural progenitor cell; PPAR, peroxisome proliferator-activated receptor; ROCK, Rho-associated kinase; SMAD, SMA/

mothers against decapentaplegic; SUN, Sad1p and UNc-84; VASP, vasodilator-stimulated phosphoprotein.
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be polymerized from clustered integrins [44]. Since the 

consequence of rigidity sensing is the development of 

matrix adhesions, rigidity sensing is only a step in the 

larger process of mechanosensation and has to be viewed 

in that larger context.

Th e contractile forces present in the actin stress fi bers 

of the cytoskeleton are essential in modulating cellular 

functions. Contractile forces in nonmuscle cells are 

generated by a class of motor proteins – nonmuscle 

myosin II. A recent hypothesis suggested that cells use 

acto myosin contractility for a two-way interaction with 

the ECM. Th e cellular response to the biophysical 

environ ment is not passive since cells are able to adjust 

their mechanical properties through the dynamic 

remodel ing of the actin cytoskeleton. Th e cell contraction 

through the stress fi bers will be resisted by the matrix at 

the sites of integrin clusters, which will induce the 

subsequent recruitment of additional molecules for FA 

formation. Th e balance of tension forces at these inter-

facial sites allows the cell to sense the ECM.

In a study by Engler and colleagues, the use of matrices 

with diff erent elasticity regulates the diff erentiation of 

MSCs into diff erent lineages [1]. Th e use of the specifi c 

nonmuscle myosin II inhibitor blebbistatin blocks all 

elasticity-directed lineage specifi cation without strongly 

aff ecting cell function and shape signifi cantly, providing 

evidence of cytoskeletal force generation in ECM sensing. 

Th is tension-mediated signaling is manifested in the 

reorganization of actin microfi laments or stress fi bers to 

refl ect surface features, such as the observed alignment 

of these stress fi bers to nanogratings [4,7,45]. Th is cellular 

force sensing in turn alters levels of Rho GTPase and 

mitogen-activated protein kinase activity as downstream 

biochemical signals for stem cell gene regulation. Th e 

correlation between contractile forces in response to 

substrate rigidity and stem cell diff erentiation has been 

further illustrated and supported from other studies in 

adult stem cells. For example, functional myotubes can 

be derived from adipose-derived stem cells (ASCs) grown 

on substrates whose rigidity is similar to that of muscle 

ECM, and the myotube formation can be manipulated by 

cytoskeletal contractility [46]. Th e multi-nucleated 

myotube fusion can be enhanced using lysophosphatidic 

acid, which activates Rho and enhances contractility, but 

is inhibited by the addition of blebbistatin, which inhibits 

nonmuscle myosin II, in the ASCs. Upon knockdown of 

α
5
-integrin and α

V
-integrin, the upregulation of myogenin 

and MEF2C, which are markers for myogenesis, is 

abolished [46]. Th e fi ndings further illustrate that the 

mechanosensing of substrate rigidity involves cyto skele-

tal contractility and FA formation in stem cells.

Mechanosensing is also evident in pluripotent stem 

cells. Human embryonic stem cells (ESCs) are aligned and 

elongated when they are cultured on nanometer-scale 

gratings [47]. Th e cytoskeletal-mediated mechano sensing 

mechanism seems to be present in human ESCs, whereas 

mouse ESCs are sensitive to local cyclic stress applied to 

FAs. Th e myosin II contractility is essential in mouse ESC 

stress sensitivity, and the applied stress leads to the 

downregulation of Oct3/4 gene expression in mouse 

ESCs [48]. Interestingly, the authors speculated that the 

sensitivity to local cyclic stress is correlated with the 

softness of the mouse ESCs.

Th e softer mouse ESCs, as indicated by lower amounts 

of F-actin and low actomyosin contractility, appear 

respon sive to cell deformation that can trigger the subse-

quent spreading [48]. Upon adhesion to the substrate, 

however, the mouse ESCs did not stiff en when the 

substrate stiff ness increased. Th e spreading did not 

further increase on more rigid substrates, but the basal 

tractions of the mouse ESCs were increased [49]. Th e stem 

cells probably interpret such changes in force as signals to 

regulate stem cell fate. Meanwhile, the cyto skeleton 

remodel ing in the diff erentiating cells may form a feedback 

loop, interacting with the biophysical environment.

Stress fi bers are constantly tuning the cell’s mechanical 

properties with feedback from its downstream molecules. 

A growing amount of evidence has demonstrated the 

importance of actin–myosin contractility [8,50] in 

mechanotransduction. Th e cellular contractility induces 

downstream events including the recruitment of adhe-

sion molecules and kinases such as the mechanosensitive 

FAK, zyxin and talin, subsequently triggering the activa-

tion of Rho GTPases (reviewed in [51] and further 

discussed below). A similar mechanism is probably 

impor tant in biophysical-induced stem cell diff erentiation.

Rho pathway: relaying the mechanical signal and 

regulating cytoskeletal contractility

Rho GTPases are molecular switches that control various 

signal transduction pathways in cells. One of the most 

well-known roles is regulation of the actin cytoskeleton. 

(Readers can refer to [52] for a detailed review on Rho-

GTPase.) Rho, Rac and Cdc42 are the three best-

characterized members of the Rho family. Many studies 

illustrate the important role of Rho in the regulation of 

the actin cytoskeleton in mechanotransduction. Increas-

ing ECM stiff ness or force application activates Rho [53]. 

RhoA then stimulates tension through its eff ector, Rho 

kinase, which indirectly elevates the level of the phos-

phorylated myosin light chain [54]. Th e Rho activation 

thus promotes acto-myosin stress fi ber assembly [55], 

signifi cantly changing the mechanical properties of the 

cell [56].

In human ESCs [57] and other stem cells such as 

murine prostate stem cells [58], the cells exhibit disso-

ciation-induced apoptosis. Th is dissociation-induced 

apop tosis is caused by actomyosin hyperactivation 
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through the Rho/ROCK pathway [59,60]. Th e loss of 

cadherin-dependent intercellular contacts triggers Abr, 

resulting in an Abr-dependent Rho-high/Rac-low stage 

[60]. In the presence of a ROCK inhibitor, the survival 

and cloning effi  ciency is increased in human ESCs [61] 

and prostate stem cells [58]. During diff erentiation, RhoA 

and Cdc42 RhoGTPase have been observed to be 

upregulated during early neuroinduction in murine P19 

ESCs [62]. Th e RhoA/ROCK pathway is shown to 

regulate the cadherin protein level and cell–cell 

interaction during neurodetermination of the mouse 

ESCs [63]. Taken together, in human and mouse ESCs, 

mechanotransduction via the Rho pathway is playing an 

important role in determining the maintenance of 

pluripotency, viability, and lineage commitment. Th e 

major mechanical signals determining cell fate appear to 

be triggered by cadherin-dependent cell–cell contact 

interactions, which interact with and are regulated by the 

RhoA signals (Figure 2Bi). Th is phenomenon is diff erent 

in adult stem cells, in which the mechanical signals of the 

cell–matrix interaction appear to be the determining 

factor for the cell fate.

Using micropatterned islands of fi bronectin to control 

cell spreading, it appears that cell shape controls the 

osteogenic–adipogenic lineage commitment of MSCs 

through a RhoA-dependent acto-myosin contractility [2]. 

Adipogenesis is induced in MSCs confi ned to small ECM 

islands, while osteogenesis is induced in MSCs, with 

extensive spreading and higher cytoskeletal tension, on 

large ECM islands. Inhibition of actin polymerization 

and consequently tension by cytochalasin D or inhibition 

of ROCK activity mimics the phenotype of poorly spread 

cells, resulting in adipogenesis. Similarly, the myogenic–

chondrogenic lineage commitment in the transforming 

growth factor-beta-induced human MSC diff erentiation 

is correlated with Rac1 activation. Rac1 activity is signifi -

cantly higher in smooth muscle cells but lower in chon-

dro genic diff erentiation [64]. Using another approach by 

inhibiting the RhoA/ROCKII pathways with pharmaceu-

ticals such as Y27632, cytochalasin D and jasplakinolide 

(to stabilize actin polymerization), Woods and colleagues 

demonstrated that the inhibition of RhoA/ROCK 

signaling promotes the chondrogenic diff erentiation of 

murine embryonic mesenchymal cells via increased Sox9 

expression [65]. Th ese results indicate that cytoskeletal 

tension and RhoA activity regulate lineage commitment 

in human MSCs.

Other recent studies also reinforce the importance of 

RhoA in stem cell diff erentiation not only for mesodermal 

stem cells, but also for stem cells from other germ layers 

such as the ectoderm layer. For example, the response of 

mammary progenitor cells to substrate rigidity has been 

demonstrated to be dependent on RhoA activity and 

cytoskeletal contractility [66]. Linage commitment of 

neural stem cells depends on substrate rigidity sensing 

through Rho GTPase. On a stiff  ECM substrate, activa-

tion of RhoA and Cdc42 suppresses neurogenesis in the 

neural stem cells; however, the neurogenesis can be 

rescued by the inhibition of RhoA and Cdc42 [67].

Diff erentiation of stem cells by fl uid fl ow and 

mechanical stretching also involves RhoA as part of the 

cellular sensing mechanism. When fl uid fl ow is applied to 

C3H10T1/2 murine MSCs, RhoA and ROCKII are 

activated, which enhances Runx2 expression for commit-

ment to osteogenesis and negatively regulates adipogenic 

and chondrogenic diff erentiation [68]. Interestingly, in 

another study on the eff ect of continuous cyclic mecha-

nical tension loading on human bone marrow stem cells 

and C3H10T1/2 murine MSCs, mechanical tension 

causes a decrease in RhoA activity, resulting in inhibited 

Runx2 expression. Pretreatment of the murine stem cells 

with lysophosphatidic acid restores the alkaline phos-

phatase and Runx2 expression [69]. Th ese fi nd ings 

indicate that the osteogenic diff erentiation of MSCs can 

be regulated by adjusting the method and magnitude of 

the applied force, consequently activating or deactivat ing 

the RhoA signaling pathway that governs the linage 

commitment.

Rho signals can be activated or inhibited by specifi c 

growth factors. In a study with Swiss3T3 fi broblasts, 

trans forming growth factor-beta signals activate RhoA 

and RhoB, and subsequently induce phosphorylation of 

LIM domain kinase-2 and cofi lin during actin reorgani-

zation. Meanwhile bone morphogenetic protein-7 signals 

activate RhoA and RhoB, and subsequently induce phos-

phory lation of ROCK1 but not LIM domain kinase-1/2 

[70]. When McBeath and colleagues transfected a 

dominant-negative RhoA to human MSCs, adipogenesis 

could be induced even in osteogenic medium. On the 

contrary, using constitutively active RhoA triggers osteo-

genesis in adipogenic medium [2]. Hence, RhoA activity 

appears to be a potential convergence point for mecha-

nical and soluble factor signaling (such as transforming 

growth factor-beta and bone morphogenetic protein-7) 

in the control of stem cell diff erentiation.

In summary, mechanotransduction via the Rho signal-

ing pathway in adult stem cell diff erentiation has been 

extensively studied (Figure  2Bii). Th e signals could be 

induced by application of mechanical forces, or direct 

activation or inhibition of the component in the Rho 

path ways, such as Rho or ROCK. Even though the 

methodologies in manipulating the mechanical signal or 

Rho expression varied, the results of the diff erent groups 

are in agreement. Mechanical forces such as rigid 

substrate and increased cell spreading (as well as bio-

chemical signals, in some cases) activate RhoA, which 

will lead to increased cell contractility and bone 

morphogenetic protein (BMP)-dependent SMA/mothers 
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against decapenta plegic (Smad) phosphorylation [71] 

and/or the activation of pERK, which activates Runx2 

[68], and ultimately enhancing osteogenic diff erentiation. 

On the contrary, inhibition of Rho/ROCK signaling will 

lead to the activation of PPARγ or Sox9, enhancing the 

adipogenic or chondrogenic diff erentia tion, respectively. 

However, the details of the pathway have yet to be 

investigated. A number of studies have also demonstrated 

biophysically induced neuronal diff erentia tion of adult 

stem cells. Th e inhibition of RhoA and Rac could rescue 

the neuronal diff erentiation on rigid substrates. However, 

the mechanistic understanding of the mechano trans-

duction signaling pathway of the neur onal diff erentiation 

remains unclear. In addition, although various reports on 

topography-induced diff erentiation have suggested the 

signifi cance of Rho/ROCK signaling and FA activation, 

the key steps of the mechano transduction have also yet 

to be discovered.

Nucleus: mechanical manipulation aff ects gene 

regulation

Th e intricate physical network described above sets the 

framework for the physical continuity spanning from the 

ECM to the nucleus. Mechanical signals such as topo-

graphical perturbations from the ECM can be transduced 

by structural alterations in the network to elicit 

diff erential gene expression in stem cells. (See Wang and 

colleagues and Dahl and colleagues [72,73] for in-depth 

review of nuclear regulation from mechano transduction, 

see Kadrmas and Beckerle [74] for a review of the LIM 

domain proteins that link the cytoskeleton signal to the 

nucleus, see Mattout and Meshorer [75] for review of the 

chromatin plasticity and laminar proteins, and see 

Shivashankar [76] for a recent review of the nuclear 

mechanism of mechanosignaling.) We will briefl y 

describe the key components in nuclear mechano trans-

duction that might play important roles in mech ano-

sensing in stem cells (Figure 2C).

While the actin microfi laments are anchored to the 

ECM through the integrins, they are also physically 

connected to the nuclear membrane in a coherent acto-

myosin cytoskeleton. Nesprins are a class of large outer 

nuclear membrane proteins that bind actin micro-

fi laments through their KASH domains [77,78]. Th e 

KASH domains are then physically connected to the SUN 

domain protein of the inner nuclear membrane forming a 

KASH/SUN complex to mechanically bridge the actin 

stress fi bers to the nuclear membrane lamins.

A nuclear structure that appears to be important in 

mechanotransduction is the nuclear lamina. Structurally 

similar to the cytoskeleton, the nuclear lamina consists of 

a meshwork of intermediate fi laments and lamin proteins 

that is physically associated with both the KASH/SUN 

complex [79,80] and chromatin (reviewed in [72,81]). 

Recently, the linkage between nucleoskeleton and cyto-

skeleton (LINC) complex, a specialized structure that 

includes the nuclear lamin and SUN which binds to the 

KASH domain of the actin-associated Nesprins, was 

identifi ed to link both the nucleoskeleton and cyto-

skeleton. Th e existence of the linker of nucleoskeleton 

and cytoskeleton complex provides more evidence that 

the mechanical forces arising due to matrix nano-

topography and rigidity can physically aff ect the 

structural organization of the nucleus [78,82], possibly 

resulting in altered gene expression. Forces that are 

transmitted to the nuclear scaff olds via the linker of 

nucleoskeleton and cytoskeleton complex may regulate 

critical DNA enzymes or factors. Furthermore, in an 

earlier study, the disruption of intermediate fi laments led 

to the mechanical decoupling of the integrins and nuclei 

[83], demonstrating that a direct physical connection 

exists between the two. Local forces applied to apical 

integrins have also been shown to transmit to the basal 

FAs and the nucleus, suggesting that a physical continuity 

does exist between the ECM and the cell nucleus [84,85].

Th e nuclei of pluripotent ESCs or adult stem cells 

exhibit diff erent physical properties compared with 

nuclei of diff erentiated cells. Using a micromanipulation 

method, Pajerowski and colleagues have shown that 

nuclei in human ESCs are highly deformable, and the 

nuclei become sixfold stiff er upon diff erentiation [86]. 

While the rheological character of the nucleus is set by 

the nucleoplasm or chromatin, the lack of lamin A/C in 

human ESCs and adult hematopoietic stem cells allows 

more nuclear deformability. Upon diff erentiation, nuclei 

in mouse ESCs start to show the signature of a pre-

stressed nucleus [87]. Th ere is a direct correlation 

between chromatin assembly and the onset of diff eren-

tiation in mouse ESCs [88]. Th e nuclear pore complex 

composition could also regulate the myogenic diff eren-

tiation of mouse ESCs [89]. Th is regulation is evident in 

the induction of the transmembrane nucleoporin Nup210 

during the diff erentiation from proliferating myoblast 

and ESCs. Nup210 may thus be required for the 

induction of genes essential for cell diff erentiation.

Evidence of nuclear mechanical regulation is also 

observed in adult stem cells when external force is 

applied. Other research groups and our group similarly 

observe nuclear shape changes and altered gene expres-

sion in response to topography [4,90,91]. While Dalby 

and colleagues observe spatial alteration of chromosomes 

in fi broblasts under topographical infl uence [90], our 

work involving human MSCs on nanogratings suggests 

that topography may exert an eff ect on the structural 

organization of the nucleus as indicated by the alignment 

and elongation of the MSC nuclei [4]. In addition to the 

morphological changes of nuclei, Li and colleagues also 

observed a decrease in histone deacetylase activity in 

Yim and Sheetz Stem Cell Research & Therapy 2012, 3:41 
http://stemcellres.com/content/3/5/41

Page 7 of 12



human MSCs on microgrooves. Compression or stretch 

was applied to cells on the micropatterns. Forces applied 

perpendicular to the microgrooves caused a decrease in 

histone de acety lase, accompanied by an increase in 

histone acetyla tion [91]. Th ese studies suggest a direct 

mechanical coupling of chromatin to the ECM through 

the intricate mechanotransduction network in stem cells. 

Th is physical coupling may allow chromatin regulation 

through indirect eff ects of mechanical forces on the 

exposure of DNA regulatory motifs for transcription 

factor binding, through the activity of mechanosensitive 

proteins.

Mechanosensing of ECM rigidity and cell shape can 

also be transmitted to the nucleus by regulating the 

transcriptional factors yorkie-homologs Yes-associated 

protein and transcriptional coactivator with PDZ-binding 

motif. Th e regulation of these factors requires Rho 

GTPase activity and tension in the actomyosin cyto-

skeleton, but it is independent of the Hippo/LAST 

cascade. Yes-associated protein/transcriptional coactivator 

with PDZ-binding motif is required for survival of 

endothelial cells regulated by cell geometry and, more 

pertinently, for diff erentiation of MSCs induced by ECM 

stiff ness. Taken together, the evidence indicates that 

biophysical signals are transduced into the nucleus both 

by soluble regulatory factors through nuclear pores and 

by active stresses through prestressed cytoplasmic–

nuclear links.

Although there is clear evidence of nuclear mechano-

transduction, the molecular and biophysical bases for 

such mechanisms are still not understood. Nuclear 

mechano transduction is currently an area of active 

research, and a more elaborate discussion can be 

obtained from [76].

Mechanotransduction among various types of 

stem cells

In this review, we have discussed several key signaling 

components involved in the mechanically induced 

diff erentiation, including FA signaling, cytoskeletal 

contractility, Rho signaling and nuclear regulation, and 

the recent developments in force-dependent stem cell 

diff erentiation. In a collective eff ort, many groups have 

been trying to reveal the infl uence and the mechanism of 

the biophysical regulation in stem cells using diff erent 

types of stem cells. A summary of selected recent 

examples is shown in Table 1.

Th e majority of the work done to investigate the 

biomechanical-induced diff erentiation used adult stem 

cells as their model systems. MSCs, mainly human, rat 

and mouse, have been extensively studied. Regardless of 

the species, the responses are similar. Strong mechanical 

stimuli such as rigid substrate, increased cell spreading 

and applied force can stimulate osteogenesis, possibly by 

increasing actomyosin contractility, activation of RhoA 

and subsequently Runx2 activity; whereas inhibition of 

RhoA will result in chondrogenesis or adipogenesis. 

Applied mechanical force can also induce myogenesis or 

smooth muscle cell diff erentiation, requiring either an 

intermediate substrate rigidity, the activation of Rac1 by 

cell shape or a combination of growth factors. Th e use of 

a soft substrate, anisotropic rigidity, or the inhibition of 

RhoA and Cdc42 on rigid substrate will promote 

neuronal diff erentiation in MSCs, neural stem cells or 

neural progenitor cells [92].

ASCs are another type of adult stem cell that are 

promising in clinical applications, although they are not 

discussed in detail in this review because the mecha ni-

cally induced diff erentiation of ASCs has been studied to 

a lesser extent. Most observations in ASCs are similar to 

those in MSCs, but some comparisons show a diff erent 

response to rigidity [46] and increased mechano-

sensitivity of ASCs. While the inhibition of Rac1 in ASCs 

enhanced chondrogenesis, which is similar to MSCs, the 

inhibition of RhoA in ASCs induced alkaline phosphatase 

expression, indicative of osteogenic diff erentiation [93]. 

Nonetheless, further characterization will be needed for 

ASCs.

ESCs, on the contrary, have diff erent cell characteristics 

compared with adult stem cells. Th e majority of the 

studies have been focused on ESC viability/maintenance, 

in which inhibition of ROCK activity and actomyosin 

contractility will increase the viability of the ESCs. 

Applied forces on undiff erentiated ESCs induce spread-

ing. Topography-induced diff erentiations, however, have 

been observed in ESCs and MSCs. Anisotropic grating 

topography can induce neuronal diff erentiation in ESCs 

[94] and MSCs [4], while pillar topography can induce 

osteogenic diff erentiation in ESCs [95] and MSCs [96]. 

Taken together, one may speculate that topography 

activates similar mechanotransduction pathways in the 

diff erentiation of ESCs and adult MSCs.

While observations have consistently shown the 

signifi cance of mechanical signal in stem cell diff eren-

tiation, the key parameter found in the extracellular niche 

that activates mechanotransduction is under active 

research. Despite a large number of studies having 

demonstrated the eff ect of substrate rigidity on stem cell 

diff erentiation, especially with polyacrylamide hydrogel 

substrate, a recent paper is challenging this convention. 

Trappmann and colleagues have shown that spatial 

control of the cell–matrix interaction, in this case 

through controlling collagen binding density, could be a 

major determining factor in stem cell diff erentiation, 

instead of substrate rigidity [97]. With the ground break-

ing evidence, and other observations on topography-

induced diff erentia tion and the eff ect of FA-binding site 

density [20], we believe that the combination of spatial 
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sensing properties (ECM density, geometry, topography) 

could be as im port ant as, if not more important than, the 

material properties (rigidity and surface chemistry) of the 

extra cellular environment in inducing the mechanotrans-

duc tion. Nonetheless, spatial control and material 

properties will have to be carefully designed to work 

together in orchestrating signal transduction in the stem 

cell niche.

Conclusion

Stem cell diff erentiation can be regulated by biophysical 

signals in forms of externally applied forces and/or the 

manipulation of the substrate rigidity, topography or 

geometry of ECM patterning. Th e application of the 

biophysical signals is suffi  cient to direct the stem cell fate 

using minimal or suboptimal biochemical induction, but 

the biophysical induction can also work in synergy with 

soluble biochemical cues. Th e identifi cation of an optimal 

biophysical environment will therefore be crucial in the 

fundamental understanding of stem cell diff erentiation, 

as well as the application of stem cells in regenerative 

medicine and cell therapy. Th e underlying mechanism of 

the force-mediated diff erentiation remains unclear. 

However, recent studies have demonstrated that mechano-

transduction through FAs, cytoskeletal contract ility, Rho 

GTPase signaling and the subsequent nuclear regulation 

are playing major roles in stem cell diff erentiation. Th ose 

components are only part of the complex process of 

mechanotransduction. Moreover, the interplay between 

the biochemical signaling pathways and the force-

mediated signaling pathways in stem cell diff erentiation 

has yet to be discovered. Further investigation will be 

needed to provide a clearer understanding of bio-

physically induced stem cell diff erentiation.

Abbreviations

ASC, adipose-derived stem cell; ECM, extracellular matrix; ESC, embryonic 

stem cell; FA, focal adhesion; FAK, focal adhesion kinase; MSC, mesenchymal 

stem cell; RGD, Arg–Gly–Asp; ROCK, Rho-associated kinase; siRNA, small 

interfering DNA.

Table 1. Summary of stem cell responses to various mechanical stimuli

Cell type Response/regulation Mechanical stimuli References

Adult stem cells   

 MSCs Osteogenic diff erentiation Applied forces (cyclic/static) [69]

   Increase cell area [2]

   Increase in substrate rigidity [1]

   Activate RhoA [68,69]

   Random nanotopography [96]

  Chondrogenic/adipogenic diff erentiation Decrease cell area [2,64]

   Decrease in substrate rigidity [1]

   Inhibition of RhoA [65]

  Myogenic/smooth muscle cell diff erentiation Applied force (for example, cyclic strain) [98]

   Intermediate substrate rigidity [46]

   Cell shape: activation of Rac1 [64]

  Neurogenesis Soft substrate rigidity [1]

   Anisotropic (line) topography [4]

  Enhanced endocytosis Pillar topography [99]

 ASCs Myogenic diff erentiation Intermediate substrate rigidity [46]

  Chondrogenic diff erentiation RhoA inhibitor [93]

 NSCs/NPCs Support neuronal diff erentiation Suppression of RhoA and Cdc42 activity [67]

   Anisotropic topography [92]

Embryonic stem cells Increase spreading Applied forces [48]

  Increase viability upon dissociation Inhibition of ROCK activity or actomyosin contractility [60,61]

  Neuronal diff erentiation Anisotropic (line) topography [94]

  Osteogenic diff erentiation Pillar topography [95]

ACS, adipose-derived stem cell; MSC, mesenchymal stem cell; NPC, neural progenitor cell; NSC, neural stem cell; ROCK, Rho-associated kinase.

This article is part of a thematic series on Physical infl uences on stem 

cells edited by Gordana Vunjak-Novakovic. Other articles in the series 

can be found online at http://stemcellres.com/series/physical
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