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Cancer has been characterized as a genetic disease, associated with mutations that cause pathological alterations of the 

cell cycle, adhesion, or invasive motility. Recently, the importance of the anomalous mechanical properties of tumor tissues, 

which activate tumorigenic biochemical pathways, has become apparent. �is mechanical induction in tumors appears 

to consist of the destabilization of adult tissue homeostasis as a result of the reactivation of embryonic developmental 

mechanosensitive pathways in response to pathological mechanical strains. �ese strains occur in many forms, for example, 

hypervascularization in late tumors leads to high static hydrodynamic pressure that can promote malignant progression 

through hypoxia or anomalous interstitial liquid and blood �ow. �e high sti�ness of tumors directly induces the mechanical 

activation of biochemical pathways enhancing the cell cycle, epithelial–mesenchymal transition, and cell motility. 

Furthermore, increases in solid-stress pressure associated with cell hyperproliferation activate tumorigenic pathways in 

the healthy epithelial cells compressed by the neighboring tumor. �e underlying molecular mechanisms of the translation 

of a mechanical signal into a tumor inducing biochemical signal are based on mechanically induced protein conformational 

changes that activate classical tumorigenic signaling pathways. Understanding these mechanisms will be important for the 

development of innovative treatments to target such mechanical anomalies in cancer.
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Introduction
The establishment of body shape in adult animals results from 
biochemical and biomechanical developmental patterning pro-
cesses that regulate tissue differentiation and morphogene-
sis. Recently, it has become apparent that there is a reciprocal 
interplay between biochemical and biomechanical patterning 
throughout development. Although forces due to cell mitosis and 
morphogenetic activities are genetically regulated, developmen-
tal gene expression and protein activation are in turn mechani-
cally regulated by the mechanical strains associated with cell and 
tissue morphological changes (Brouzés and Farge, 2004; Wozniak 
and Chen, 2009; Mammoto and Ingber, 2010; Chan et al., 2017). 
Indeed, studies ranging from cultured stem cells to in vivo inves-
tigations on early embryonic cells at gastrulation have revealed 
a role for forces, cell size, and substrate stiffness on cell fate and 
differentiation (Farge, 2003; McBeath et al., 2004; Engler et al., 
2006). These studies demonstrated the existence of mechano-
transductive feedback loops for the regulation of developmen-
tal morphogenesis and differentiation processes by the physical 
biomechanical phenotype (Desprat et al., 2008; Hamant et al., 
2008; Fernandez-Gonzalez et al., 2009; Kahn et al., 2009; Pouille 
et al., 2009; Zhang et al., 2011; Brunet et al., 2013; Herszterg et 

al., 2013; Hiramatsu et al., 2013; Monier et al., 2015; Maître et al., 
2016; Mitrossilis et al., 2017). This biochemical/biomechanical 
interplay regulates the integrative reciprocal trans-scale direct 
mechanical interaction between the macroscopic biomechanical 
structure of living tissues and the biochemical activities of its 
molecular components. By doing so, this interplay is proposed to 
robustly coordinate collective cell behaviors in tissues, as well as 
organism biochemical patterning with biomechanical pattern-
ing during development (Brunet et al., 2013; Chan et al., 2017; 
Mitrossilis et al., 2017). See the text box for the molecular mech-
anisms underlying mechanotransduction.

Because this developmental mechanobiochemical inter-
play physiologically regulates major traits of the shape of adult 
organisms, the homeostatic stability of the adult shape should 
logically also be regulated and maintained by a mechanobio-
chemical interplay. Correlatively, mutations that change the 
mechanical properties of adult tissues can cause an active bio-
chemical response resulting in a pathological deregulation of the 
mechanobiochemical homeostatic equilibrium. Together with 
mutations that directly induce biochemical perturbations, this 
disturbs the biochemical and active biomechanical patterning of 
the tissue. From this perspective, the mechanosensitive pathways 
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involved in embryonic development interestingly also comprise 
master pathways and transcription factors of tumorigenesis. 
This is the case for the cotranscription factor β-catenin (β-cat) 
of the Wnt pathway that vitally mediates the mechanical induc-
tion of the Drosophila melanogaster anterior midgut embryonic 
early differentiation and subsequent late functional differentia-
tion in the larvae. This is the case also for Yap/Taz that maintains 
the global constitutive tissue tension ensuring the overall good 
shape of zebrafish early embryos, as well as for the downstream 
genes involved, such as twist encoding for the Twist transcrip-
tion factor (Desprat et al., 2008; Porazinski et al., 2015), which 
respectively enhance cell proliferation and invasiveness in tumor 
progression (Rosivatz et al., 2002; Barker et al., 2009; Zanconato 
et al., 2016). As pathological tumor progression leads to biome-
chanical anomalies in cells and tissues, the question can be asked 
whether the resulting anomalous mechanical strains can patho-
logically reactivate the physiological mechanosensitive develop-
mental processes in healthy adult tissues, thereby participating 
in the breaking of adult tissue homeostatic equilibrium.

Indeed, mechanotransduction processes were initially discov-
ered in examining how anomalous mechanical strains character-
istic of pathological contexts can activate biochemical pathways 
and their role in the pathology development. Studies using aor-
tic endothelial cells and explants demonstrated how endothelial 
cells react to hydrodynamic flow to maintain the homeostatic 
structure of the blood circulation network in resistance to the 
flow and how perturbations cause angiogenesis (Nakache and 
Gaub, 1988; Davies, 1995; Nakajima et al., 2017), whereas stud-
ies in human breast cancer epithelial cell lines examined how 
tumor cells react to the increase in stromal collagen density and 

stiffness due to fibrosis of advanced tumor progression states 
(Weaver et al., 1996; Bissell et al., 2005; Makale, 2007).

Here we will review evidence of the tumorigenic homeo-
stasis-destabilizing role of the anomalous microenvironmen-
tal mechanical strains generated by tumor development, from 
anomalous hydrodynamic blood shear stress associated with 
tumor vascularization, the interstitial pressure of tumors and 
associated hydrodynamic flow, to the increase in fibrotic stiff-
ness characteristic of advanced tumor stages and mitotic tumor 
growth solid-stress pressure present from the earliest tumor 
stages. In addition to describing mechanosensitive biochemical 
pathways involving junctions, the cytoskeleton, and membranes, 
we will focus on innovative, emergent evidence of the potential 
involvement of biomechanical structural nuclear factors and 
microRNAs as regulators of the tumorigenic response of cells to 
microenvironmental mechanical strain anomalies. We will also 
discuss the development of innovative in vitro and in vivo bio-
physical tools to test for the tumorigenic involvement of anom-
alous mechanical properties of the tumor microenvironment 
within most physiologically relevant contexts.

Finally, similar to epidemiological studies in cancer that 
indicate the requirement of both genetic predisposition and 
environmental context in cancer occurrence (Jaffee et al., 
2017), it is becoming apparent that both genetic and microen-
vironmental mechanical anomalies reveal to be synergically 
required in the mechanotransductive induction or amplification 
of tumorigenesis.

The tumorigenic role of interstitial pressure and 
angiogenic blood flow shear stress in advanced tumor 
developmental stages
Late tumor developmental stages are characterized by hyper-
vascularization leading to compression causing a high intersti-
tial hydrodynamic pressure. This pressure can reach ∼10 kPa in 
humans, which is 10 times the physiological interstitial pressure, 
and up to 3 kPa in rat transplanted mammary adenocarcinomas 
(Boucher and Jain, 1992). Such tumorous interstitial static pressure 
has been found to promote malignant progression by compress-
ing vessels, thereby leading to hypoxia, a process that enhances 
expression of pro-oncogenes such as met and leads to downstream 
invasive growth, both in cell culture and xenographs of different 
types of human cancer cells (Pennacchietti et al., 2003; Jain et 
al., 2014). Hypoxia induced by hypervascularization pressure was 
also proposed to inhibit antitumoral immune cell functions, pos-
sibly through angiogenesis-mediated suppression of endothelial 
cell adhesion molecules involved in leukocyte–vessel wall inter-
actions, thereby enhancing tumor progression (Griffioen et al., 
1996; Dirkx et al., 2006; Goel et al., 2011). In addition to indirectly 
amplifying tumorigenesis through hypoxia, interstitial pressure 
induces vessel closing that limits curative drug delivery. Indeed, 
treatments that degrade stromal collagen or deplete tumor-asso-
ciated tissues decrease the solid-stress and interstitial pressure, 
thereby reopening blood vessels, and enhance drug delivery effi-
ciency in vivo in mouse models of pancreatic cancer (Olive et al., 
2009; Provenzano et al., 2012; Chauhan et al., 2013).

The tumor interstitial static hydrodynamic pressure enhances 
the interstitial flow from the tumor to the stroma, as has been 

The molecular mechanisms of mechanotransduction

Mechanotransduction consists in the translation of mechanical cues, char-
acteristic of cells and tissues, into speci�c intracellular biochemical cues. It 
is based on mechanically induced changes in protein conformation, or inhi-
bition of signaling protein endocytosis, leading to junctional or cytoskeleton 
rearrangements, cell division modulation, or cell di�erentiation (Chen et al., 
1997; Rauch et al., 2002; Engler et al., 2006; Sawada et al., 2006; Grasho� 
et al., 2010; Sinha et al., 2011). �e characteristic energy of both a given 
protein conformation and the formation of an endocytic vesicle are on the 
order of a few 10 kT only (i.e., 10 times the molecular Brownian energy kT; 
Jin and Nossal, 2000; Brujic et al., 2007). �us, they are structured but can 
easily be deformed by so� physiological mechanical strains of biochemical 
energies of the same several-10-kT–magnitude order. �is, for instance, can 
lead to the opening of phosphorylation sites to kinases. �is is the case for 
p130Cas/BCAR1, in which tyrosines were found to be mechanically opened 
to phosphorylation by Src, thereby leading to the downstream activation 
of p38/MAPK, a tumorigenic signaling pathway (Sawada et al., 2006). Me-
chanical strains can also directly enhance protein binding a�nities, such as 
interleukin-7-�bronectin interaction potentially trapping interleukin-7 in 
the ECM in a stress-dependent way (Ortiz Franyuti et al., 2018). Mechan-
ically forced membrane �attening can induce inhibition of protein endo-
cytosis and degradation, thereby enhancing or triggering the activation 
of downstream signaling pathways. �is is the case for BMP2-dependent 
myoblast-osteoblast trans-di�erentiation, which can be enhanced, as well 
as triggered at an undercritical concentration of BMP2, by mechanical inhi-
bition of BMP2 endocytosis (Rauch et al., 2002). �e �attening of reservoirs 
of membranes stored in caveolae structures was also found in the process 
of the cell response to mechanical shocks preventing membrane rupture 
(Sinha et al., 2011). Ionic pores can also mechanically open in response to 
membrane tension in the processes of neuronal sensation (Rudnev et al., 
1981; Chal�e, 2009).
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demonstrated in a 3D in vitro invasion assay. This enhanced inter-
stitial flow mechanotransductively activates TGFβ1 and down-
stream collagenase-dependent fibroblast migration, thereby 
enhancing human melanoma cell tumor invasiveness in vitro 
(Shieh et al., 2011). Interestingly, interstitial flow was found to 
activate the N-methyl-d-aspartate receptor, stimulating malig-
nancy in a mouse model of pancreatic neuroendocrine tumori-
genesis in vivo (Li and Hanahan, 2013). In an in vitro 3D microflu-
idic assay, interstitial flow was able to remove the morphogenetic 
gradients of VEGF regulators of angiogenesis, thereby strongly 
stimulating angiogenesis processes in the opposite direction of 
the flow, namely in the direction of the growing tumor favoring 
the tumor vascularization process (Shirure et al., 2017).

The strong vascularization of advanced tumors is charac-
terized by tortuous and disrupted vessel structures, leading to 
anomalously low-velocity blood flow (Goel et al., 2011). Although 
blood shear stress was proposed to induce the formation of stress 
fibers increasing the endothelial resistance to hydrodynamic 
flow, endothelial remodeling favoring angiogenesis was also sug-
gested to be mechanically induced by anomalous hydrodynamic 
blood flow, likely involving the mechanical induction of the 
nuclear translocation of the NF-KB transcription factor leading 
to PDGF growth factor expression (Franke et al., 1984; Ingber and 
Folkman, 1989; Khachigian et al., 1995; Hay et al., 2003). More 
recently, shear stress due to blood flow was found in cell culture 
to inhibit tumor-expressed angiogenic genes such as MMP9 or 
ANGs at high levels (higher than 10 dyn/cm2). Although at low 
levels (lower than the 4-dyn/cm2 physiological levels), it was 
not inhibitory but rather promoted angiogenic genes, thereby 
enhancing angiogenic vascularization in solid tumors that are 
characterized by low blood velocities (Tzima et al., 2005; Conway 
et al., 2013; Buchanan et al., 2014; Galie et al., 2014). The underly-
ing molecular mechanism of the fluid flow–induced activation of 
angiogenesis involves PEC AM-1, which mechanotransductively 
activates Src family kinases that transactivate VEGF receptors 
(VEG FRs) and phosphorylate Y658-VE-Cadherins at cell–cell 
junctions. Both activated VEG FRs and VE-Cadherins trigger 
multiple downstream pathways regulating endothelial cell align-
ment along the direction of the flow and flow dependent vascular 
remodeling, respectively (Conway et al., 2017).

The high fibrotic stiffness in tumors is also proposed to favor 
angiogenesis. Mice mammary tumor endothelial cells cultured 
on rigid substrates or submitted to stiffness increases in vivo 
show fibronectin overexpression as well as PKCβII and VEGF 
165β anti-angiogenic repression, possibly involving the phos-
phoinositide 3-kinase (PI3K)/Akt mechanosensitive pathway 
(Bordeleau et al., 2015). These pathways are involved in the stiff-
ness-induced overexpression of the angiogenic VEGF expression 
in hepatocarcinoma cells cultured on a substrate that mimics 
cirrhotic tissue stiffness (Dong et al., 2014). In vivo, subcutane-
ous insertion of stable and biocompatible polyethylene glycol 
hydrogel implants in rats caused an increase in neovasculariza-
tion on soft substrates (Schweller et al., 2017), and ascorbate and 
β-aminopropionitrile (BAPN) treatment, leading to the decrease 
in mouse tumor stiffness, led to the decrease in mouse mammary 
tumor vascularization (Bordeleau et al., 2017). The latter discov-
ery thus provides a potential pharmacological treatment of the 

stiffness-induced tumor vascularization processes. Dysfunction 
of the mechanosensitive transmembrane TRPV4 ionic channel 
was also suggested to be involved in stiffness-driven tumor vas-
cularization in mouse lung carcinoma by mechanotransductively 
down-regulating Rho/Rho kinase activity and perturbing related 
physiological cell response to substrate stiffness. Therefore, the 
Y-27632 Rho/Rho kinase inhibitor is proposed as a potential 
pharmacological treatment of stiffness-dependent tumorous 
vascularization (Thoppil et al., 2016). This in addition suggests 
the possibility of a tumorous role of associated anomalous mem-
brane tension in the mechanical dysregulation of TRVP4 opening.

In sum, both pathological static and dynamic flow-induced 
mechanical strains are mechanotransductively involved in the 
enhancement of tumorigenesis through hypoxia and anomalous 
hydrodynamic shear stress from anomalous interstitial tissue 
fluid flow and blood flow.

The tumorigenic role of fibrotic pressure in advanced tumor 
developmental stages
In addition to hydrodynamic mechanical strains, other anom-
alous mechanical features characteristic of the growing tumor 
microenvironment are suggested to directly influence tumor 
progression through the mechanotransductive regulation of 
tumorigenic biochemical pathways. This is the case for the stiff 
substrate of tumor cells being an enhancer of vascularization as 
previously described. Indeed, and within a more physiological 
context, corneal cells showed distinct shape and sensitivity to 
growth factors as a function of the nature and stiffness of the 
cell culture substrate (Gospodarowicz et al., 1978). An increase 
in tumor stiffness due to fibrosis at advanced tumor progres-
sion stages was first found as tumorigenic in nontumor and 
tumor human breast epithelial cell lines with, for instance and 
strikingly, an increase of the substrate stiffness mechanotrans-
ductively increasing adherens junctions with the substrate 
and favoring the epithelial cell–ECM interaction rather than 
cell–cell interactions, thereby physically triggering epithelial–
mesenchymal transition (EMT) phenotypes (Weaver et al., 1996, 
1997; Paszek et al., 2005; Ghajar and Bissell, 2008). In both cases, 
these investigations first focused on the mechanotransductive 
biochemical regulation of the downstream physical parameters 
of cells and tissues, namely their stiffness, shape, motility, and 
number (mitotic growth). Regarding tumor cells, the fibrosis- 
dependent stiffness increase was generally found to enhance 
cell proliferation, EMT, and motility involving the focal adhesion 
kinase FAK and PI3K/integrin signaling (Paszek et al., 2005; 
Mitra and Schlaepfer, 2006; Friedland et al., 2009; Levental et 
al., 2009; Samuel et al., 2011; Leight et al., 2012; Miroshnikova et 
al., 2017) and to inhibit apoptosis in a TGF-β1–dependent process, 
all features positively involved in tumor growth (Hadjipanayi 
et al., 2009; Krndija et al., 2010; Leight et al., 2012; Yuan et al., 
2015). However, stiffness sensitivity of cancer cells appears to be 
context-dependent. For instance, NIH3T3 cells transformed with 
the H-ras oncogene are poorly sensitive to stiffness, whereas 
neuroblastoma cells proliferate better on softer substrates 
(Wang et al., 2000; Wong et al., 2015), and colon and prostate 
cancerous cells undergo EMT at low stiffness (Tang et al., 2014). 
Furthermore, human tongue squamous carcinoma cells are 
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characterized by a softer stiffness than the healthy tissue, con-
firming that high stiffness is not always systematically associated 
with tumorigenic phenotypes (Runge et al., 2014).

The last decade has been prolific in discoveries leading to a 
deeper understanding of the biochemical pathways underlying 
the interplay between the stiffness of tumor microenvironment 
substrates and isolated cancer cells from a mechanobiological 
point of view (Kaushik et al., 2016). Indeed, cells were shown 
to adapt their cytoskeleton actomyosin-II contractibility to 
their ECM substrate stiffness, generating forces on molecular 
elements of the cytoskeleton and junctions, thereby leading to 
the activation of mechanotransductive processes. For instance, 
cadherin-mediated intercellular junctions are mechanically 
regulated by a balance of tensile and contractile forces trans-
mitted by the cytoskeletal organization in C2C12 mouse myo-
genic cells (Discher et al., 2005; Geiger et al., 2009; Ladoux et al., 
2010). Relative to cancer, an increase in cell stiffness was found 
to enhance integrin/FAK signaling pathways leading to tumor 
hyperproliferation and increased motility (Paszek and Weaver, 
2004; Provenzano et al., 2009; Kopanska et al., 2016). Here, high 
matrix stiffness promotes the activation of the FAK-Src com-
plexes and consequently generates a Rho/ROCK-dependent myo-
sin-mediated cellular contractile force, resulting in an invasive 
phenotype. The underlying associated transcriptional response 
is regulated by ERK phosphorylation that results in hyperactiva-
tion of the Ras-MAPK pathway, promoting a hyperproliferative 
state of mammary epithelial cells (Wozniak et al., 2003; Paszek 
et al., 2005; Provenzano et al., 2009). Changes in stiffness are 
also characterized by higher collective effects on multicellular 
clusters compared with individual cells through the long-range 
rigidification cohesive effects due to the action of actomyosin 
motors (Sunyer et al., 2016). Such collective cell migration was 
additionally observed to be guided by fibronectin in head and 
neck squamous cell carcinomas invading the surrounding stroma 
(Gopal et al., 2017), as well as favored by low matrix degradability 
independently of stiffness (Trappmann et al., 2017).

In cell culture conditions the diversity involved in the under-
lying molecular mechanisms of cellular mechanosensing were 
found to be initiated by mechanically induced bond dissocia-
tion or changes in conformation of scaffold proteins. This is 
the case for integrin-ECM bond disruption involved in cell pro-
liferation and survival through the induction of expression of 
CyclinD1 (Fournier et al., 2008; Friedland et al., 2009). This is 
also the case for p130Cas, for which conformational changes 
open its sites of phosphorylation by Src, thereby activating its 
functions involved in migration, transformation, and invasion 
(Defilippi et al., 2006; Sawada et al., 2006), as well as for Talin 
conformational changes involved in cell adhesion and invasion 
(del Rio et al., 2009; Margadant et al., 2011). In addition, in CV1 
monkey kidney cell culture, a 12pN physiological force causes 
stretching of the Talin rod domain, exposing its Vinculin bind-
ing site thereby increasing Vinculin binding (del Rio et al., 2009). 
Myosin contraction-dependent actin filament movement causes 
stochastically repeated stretching and relaxation cycles of Talin 
(50–350 nm for 6–16 s). In turn the head domain of the adhe-
sion site protein Vinculin binds to stretched Talin and releases in 
multiple cycles, thereby transducing the mechanical signal into a 

biochemical signal (Margadant et al., 2011). Primary human der-
mal fibroblasts derived from foreskins also showed that traction 
forces unfold fibronectin modules, which strengthen their mod-
ular assembly with quaternary structure (Smith et al., 2007).

Another step forward in understanding the molecular process 
by which cells sense changes in the physical properties of their 
microenvironment was established with the observation of a 
direct connection between matrix rigidity and force transmis-
sion and transduction into the cytoplasm, through the so-called 
actin-Talin-integrin-fibronectin clutch (Elosegui-Artola et al., 
2016). Using mouse embryonic fibroblasts, a model was pro-
posed in which a stiffness threshold of 5 kPa controls initiation 
of the mechanotransduction-triggering force for Talin unfold-
ing. Above this threshold, Talin unfolds and binds to Vinculin, 
leading to growth of adhesions and to the translocation of the 
mitotic YAP factor to the nucleus through an unknown process 
(Fig. 1). Interestingly, the increase of rigidity associated with the 
actomyosin contractibility of tumorous individual cells was also 
shown to trigger their extrusion from epithelial layers. This was 
proposed to favor rigid tumor cell invasiveness in cancer in a 
human epithelial colorectal adenocarcinoma cell line (Wu et al., 
2015). Here the process of apical cell extrusion was dependent 
on N-WASP, a modulator of junctional tension via stabilization 
of F-actin and Myo-II at cell lateral contacts.

In mouse and human breast cancer cells, high matrix stiff-
ness causes an activation of mitotic YAP/TAZ signaling but also 
of integrins that, in turn, cause the phosphorylation of Twist, a 
protein involved in invasiveness, at Tyr 107 (Zhao et al., 2007, 
2012; Dupont et al., 2011; Wei et al., 2015). Phosphorylated Twist 
is then released from its cytoplasmic anchoring protein G3BP2 
and translocated into the nucleus where it can activate the tran-
scriptional events of EMT, invasion, and metastasis in nontrans-
formed and tumorous mouse cells and tumorous human cells, a 
new mechanism to be investigated in other cell types (Fig. 1).

Carcinoma-associated fibroblasts (CAFs) also play a criti-
cal role in stiffness-induced cancer progression. Activated by 
tumorigenic hypoxia, CAFs generate collagen reticulation that 
promotes cancer cell invasiveness, in addition to increased con-
tractility and motility (Toullec et al., 2010; Pankova et al., 2016). 
Further enhanced by ECM stiffening due to TGF-β secretion by 
normal fibroblasts, CAF actomyosin contractility mechanotrans-
ductively leads to YAP nuclear translocation, which maintains 
the CAF activities of ECM remodeling and stiffening, thereby 
generating a positive tumorigenic feedback loop (Calvo et al., 
2013; Liu et al., 2015). CAFs can in addition favor tumor cell 
invasion by directly pulling and stretching the basement mem-
branes, thereby opening gaps in the membrane (Glentis et al., 
2017). CAFs can also create cell-adhesion-mediated resistance to 
radiotherapeutic treatment in human breast cancer xenographs 
by deposition of ECM through β1-integrin binding, which was 
also suggested to be the case in BRAF mutated melanoma (Park 
et al., 2006; Picco et al., 2017).

In addition, positive feedback signaling between the glyco-
protein ICAM-1, a member of the immunoglobulin superfam-
ily, which promotes inflammation-dependent ECM contrac-
tion, and actomyosin contractility, which regulates expression 
of the membrane-bound ICAM-1, has been described in CAFs. 
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ICAM-1 is thus a crucial auto-enhancer of stromal pro-invasive 
matrix remodeling by CAFs, upstream of the Scr/RhoA/ROCK/
MLC2-signaling pathway (Bonan et al., 2017). Furthermore, in 
both epithelial and stromal cells, caveolae depolymerization at 
the plasma membrane in response to an increase in membrane 
tension due to stiffness-induced actomyosin constriction is spec-
ulated to act as a mechanical trigger to mechanotransductively 
modulate tumor progression processes, for instance, by releas-
ing caveolae associated signaling proteins into the cytosol under 
strain (Lamaze and Torrino, 2015).

In vivo experimental proof of stiffness having a direct induc-
tive role in tumorigenesis consists of the enhancement of mouse 
mammary and skin carcinoma tumorigenesis and invasiveness, 
seen in response to a stromal stiffness increase by the amine oxi-
dase cross-linking enzyme LOX and by a Rock-induced increase 

in the activity of actomyosin contractibility (Levental et al., 2009; 
Samuel et al., 2011). This observation is in line with the cell cul-
ture observations of EMT triggered by the stiffness increase of 
the substrate, combined with previously described cell culture 
findings based on actomyosin-mediated mechanotransduc-
tive responses of cells to the substrate stiffness (Weaver et al., 
1996). Inhibition of endogenous LOX activity with BAPN treat-
ment and inhibition of endogenous actomyosin contractibility 
by the ROCK inhibitor LIMKi and the Myo-II inhibitor Y27632, 
respectively, inhibited tumor progression by limiting the stiff-
ness-induced response, thereby offering potential innovative 
therapeutic treatments (Bordeleau et al., 2017). Indeed, BAPN 
preventive treatment of a rat model of prostate tumorigenesis 
reduced tumor growth, and an enhancing effect was observed 
in a tentative of curative treatment (Nilsson et al., 2016). LIMKi 

Figure 1. Latest advances in the interplay of physical and biochemical signaling pathways leading to transcription in the tumor microenviron-
ment. Changes in the mechanical properties of the tumor microenvironment due to tumor initiation (stress-induced hyperproliferation) and late progression 
(sti�ness-induced �brosis) in the induction of the activation of two distinct pathways involved in tumorigenic transcription: the β-cat pathway and the Yap/
Taz pathway, respectively. Hyperproliferative tumor-growth pressure activates the Ret kinase receptor (Tyr1062 phosphorylated), which in turn leads both 
to the inhibition of the β-cat interaction with E-cadherin through its phosphorylation of the Y654–β-cat and to the inhibition of β-cat degradation through 
phosphorylation of the Ser473-Akt and subsequent inactivation of the GSK3β (Ser9 phosphorylated). As a consequence, the cytosolic β-cat concentration 
increases, favoring its translocation into the nucleus and the transcription of tumorigenic target genes, such as c-myc or zeb-1, in vivo. β-cat also induces the 
expression of microRNAs (miR-18a) that repress the expression of the tumor suppressor phosphatase and Tensin homologue directly or indirectly via HOAX9. 
ECM high sti�ness induced by late tumor development causes conformational changes in the focal adhesion protein Talin, resulting in the recruitment of 
Vinculin and subsequent dephosphorylation of the transcriptional coactivator YAP at Ser 127. Dephosphorylated YAP/TAZ then shuttle into the nucleus, where 
they activate TEA domain family members (TEAD)–mediated gene expression. Activation of the membrane-anchored mechanosensor integrin also promotes 
Twist phosphorylation at Tyr107, releasing it from the anchoring membrane protein G3BP2, thus promoting its nuclear import and downstream expression of 
targets contributing to EMT, tumor proliferation, and metastasis. �e response is increased through cross talk and cooperation between distinct pathways, 
i.e., integrin-induced AKT activation by focal adhesion kinase (FAK) also contributes to stabilize β-cat by inhibiting GSK3β. Green arrows or red blunted lines 
indicate activation or inhibition, respectively. Blue arrows indicate nuclear translocation.
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treatment blocked xenograph pancreatic mouse tumor growth in 
vivo (Rak et al., 2014), and Y-27632 induced p53 expression and 
down-regulated VEGF expression, significantly inhibited cell 
proliferation, and induced cell apoptosis in hemangiomas endo-
thelial cell–injected nude mice in vivo (Qiu et al., 2017).

Therefore, in addition to hydrodynamic effects, the increase 
of tissue stiffness characteristic of developed fibrotic tumors 
also acts as an enhancer of tumorigenesis though junctional 
mechanotransductive signals by Myo-II–dependent cell adap-
tive contractibility stiffness-induced effects on apoptosis, divi-
sion, motility, and extrusion not only in epithelial cells but also 
in stromal CAFs.

From early to late tumor developmental stages: the 
tumorigenic role of solid-stress tumor growth pressure
Besides the increased stiffness characteristic of advanced fibrotic 
tumor development, hyperproliferation generates a tumor 
growth pressure that presents an additional mechanical factor 
from the onset of tumorigenesis to latest stages on both tumor 
cells and healthy surrounding epithelial tissues.

The role of the pressure produced by the surrounding tissue 
on the growing tumor itself, in resistance to the hyperprolifer-
ative growing tumor, was first noticed in cell culture. Indeed, 
2D sheets of adherent cells were suggested to stop dividing at 
confluence, possibly because of mechanical feedback signaling 
from pressure-induced cell–cell contact or shape changes (Martz 
and Steinberg, 1972; Ukena et al., 1976). Such negative regulation 
of the mitotic activity of tumor cells was theoretically modeled 
(Shraiman, 2005; Basan et al., 2009) and found in 3D cell culture 
organoids through the mechanical induction of expression of the 
proliferation inhibitor p27Kip1 (Delarue et al., 2014).

In addition to controlling cell proliferation, pressure-induced 
mechanical cues were demonstrated to induce transformation of 
healthy cells into cancer cells through the mechanical activation 
of the β-cat pathway, activated nuclear β-cat being a diagnostic 
signature of tumors in many types of cancers. The role of the 
mechanical pressure developed by hyperproliferative tumor tis-
sues in activating the tumorigenic β-cat pathway and its tumori-
genic target genes expression, such as myc and twist, in the sur-
rounding healthy tissue was first experimentally addressed ex 
vivo, on postsurgery mouse colonic tissues constrained by simple 
uniaxial deformation applied to the opened colonic tissue in cul-
ture medium at 37°C with the 1-kPa tumor growth pressure and 
in cell culture on kidney epithelial quiescent cells in response to 
silicon substrate deformation (Whitehead et al., 2008; Benham-
Pyle et al., 2015). In the explants, there was mechanical induction 
of Y654–β-cat phosphorylation and nuclear translocation of β-cat 
(Whitehead et al., 2008). Interestingly, the β-cat mechanosensi-
tivity was also found to play an activating and inhibiting role in 
osteogenesis and adipogenesis in cell culture, respectively (Song 
et al., 2017). This mechanotransductive tumorigenic process was 
tested in vivo by the stabilization of ultramagnetic liposomes 
inside the conjunctive mesenchymal cells of the colon through 
which a 1-kPa magnetically induced pressure was applied (see 
Tools for testing the impact of mechanotransduction on tumor 
cell behavior). As a response, the healthy tissue activated the 
β-cat pathway from the phosphorylation of Y654 to its nuclear 

translocation with the resulting activation of the expression of 
its myc, axin, and zeb-1 tumorigenic target genes, involved in 
both hyperproliferation and invasiveness (Fig. 2 a). This led to 
hyperproliferation and to the formation of anomalous crypts. In 
the presence of one mutation on one copy of adenomatous polyp-
osis coli (APC) only, an essential element of the cytoplasmic β-cat 
degradation complex, for which mutation is involved in 90% of 
human colon cancer, the 1-kPa mechanical strain led to tumor 
formation (Fernández-Sánchez et al., 2015). The same result was 
confirmed in a genetic model of colonic tumor growth in vivo, in 
which the 1-kPa strain was this time induced by mosaic domains 
of hyperproliferative crypts overexpressing Notch and applied to 
nongenetically transformed healthy neighboring crypts.

In vivo in the mouse epidermis, the increase of stiffness due 
to actomyosin stimulation by transgenic overactivation of ROCK 
was also induced by the activation of the tumorigenic β-cat path-
way (Samuel et al., 2011; Fig. 2 b). Here, the β-cat pathway was 
activated but in a different way, depending on the pressure or 
stiffness-induced stimulation. Indeed, ROCK activation led to the 
integrin-dependent inhibition of GSK3β inactivation through 
Ser9, thereby enhancing the concentration of cytoplasmic and 
nuclear β-cat. The mechanically induced phosphorylation of 
GSK3 Ser9 was also found to synergistically add to Y654–β-cat 
phosphorylation, this time through a Ret kinase dependent 
process, in response to tumor growth pressure (Fernández-
Sánchez et al., 2015).

Therefore, the role of hyperproliferative solid-stress pressure 
adds to hydrodynamical and stiffness mechanotransductive tum-
origenic effects characteristic of fibrotic advanced stages from 
the earliest stages of tumor development.

MicroRNA and chromatin: emerging actors in the interplay 
between cells and ECM stiffness
In addition to junctional, cytoskeleton, or membrane protein 
mechanical activation that have been found to mechanotrans-
ductively trigger tumorigenic biochemical pathways, accumu-
lating evidence reports a striking effect of microRNA expres-
sion on the modulation of tumor progression and malignancy, 
through the mechanosensing of ECM stiffness. MicroRNAs are 
posttranscriptional regulators of gene expression and have been 
described as modulators of oncogenes and tumor suppressors 
(Zhang et al., 2007). In mouse and human breast tissues, high 
matrix stiffness has been reported to induce miR-18a and to 
promote PI3K-dependent malignant progression through inte-
grin-dependent activation of β-cat and Myc by targeting the 
tumor suppressor phosphatase and Tensin homologue (Mouw 
et al., 2014). In mouse mammary glands and human mammary 
gland cell lines, the increase in ECM density and stiffness has 
also been found to down-regulate miR-203 expression, thereby 
up-regulating the tumor suppressor Robo1 by targeting binding 
sites in its 3′ UTR, subsequently activating Rac and FAK to main-
tain cell shape and generate an antimetastasis barrier (Le et al., 
2016). Note that, independently of tumorigenesis, miR-33-5p has 
been demonstrated to be expressed by fluid shear stress and to 
positively promote osteoblast differentiation by inhibiting its 
target Hmga2. Correspondingly, miR-33-5p expression decrease, 
leading to osteoblast differentiation decrease, was observed after 
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clinorotation that mimics microgravity (a rotation of cell sam-
ples around the horizontal axis designed to nullify the integrated 
gravitational vectoral force by continuous averaging; Wang et 
al., 2016). It is therefore probable that ongoing experiments will 
elucidate additional multiple roles and underlying mechanisms 
of microRNAs in the mechanosensing of ECM stiffness, thereby 
contributing to deciphering the complexity of the molecular 
mechanisms involved in the mechanotransduction of tumor 
progression and expansion.

Mechanotransduction can also be transmitted directly into 
the nucleus, stimulated by the forces transmitted by the cyto-
skeleton from the ECM to chromatin (Swift and Discher, 2014). 
Indeed, external forces transmitted to the nucleus via the cyto-
skeleton result in nuclear deformation (Wang et al., 2009) and in 
the activation of signaling pathways into the nucleus (Belaadi et 
al., 2016). The molecular mechanisms of the ECM-nucleomech-
anotransduction processes are now beginning to be elucidated 
based on recent progress in the identification of the proteins 
linking the cytoskeleton to nuclear structures.

Although proteins connecting the cytoskeleton to integrins 
have been well characterized, those connecting the cytoskele-
ton to the nucleus were only recently identified and analyzed. 
Force transmission is mediated from the outside of the cell into 
the cytoplasm by adaptor proteins for integrins, such as Talin 
and Vinculin, located at cytoplasmic sites of focal adhesions, 
and from the cytoplasm to the nucleus at sites of cytoskele-
ton-nuclear membrane interaction via Nesprin1,2,3,4 that 
link actin filaments to the nuclear membrane (Fig. 3). Integ-
rity of the nucleus is maintained from the inside by nuclear 

intermediate filament Lamin proteins and by the chromatin 
anchored to the inner surface with SUN proteins. SUN pro-
teins bind to the nuclear lamina and other nucleoplasmic 
proteins while interacting with Klarsicht-ANC-Syne-homol-
ogy (KASH) domain of Nesprin anchored at the outer nuclear 
membrane. Nesprins have calponin homology domains at 
their N-terminal that bind the actin cytoskeleton and trans-
membrane KASH domains at their C-terminals that bind to the 
inner nuclear membrane SUN proteins in the luminal space 
between the outer and the inner membranes (Esra Demircioglu 
et al., 2016). Together, these linker-nesprins and SUN proteins 
are called linkers of nucleoskeleton and cytoskeleton (LINC) 
complexes and enable force transmission through the nuclear 
envelope to Lamins. The Lamin intermediate filaments form 
coiled-coil parallel dimers assembled into a highly ordered 
polymer network. Lamins are expressed from three genes: 
Lamin-A and -C are spliced products from the LMNA gene and 
referred as “A-type” Lamins and Lamin-B1 and -B2 are encoded 
by the LMNB1 and LMNB2 genes, respectively, and referred 
as “B-type” Lamins. Laminopathies, including muscular dys-
trophies and cardiopathies, are a result of defects in tissues 
in which A-type lamins are dominant. Micropipette aspira-
tion experiments measuring the rate of deformation of nuclei 
under pressure could appreciate the contribution of A-type 
Lamins to viscosity and B-type Lamins to the elastic response 
(Swift and Discher, 2014). Lamins interact through extensive 
protein-protein interactions within the nucleus; in addition to 
binding directly to the DNA (for A-type Lamins), they also bind 
to nuclear actin polymers through their AB actin-binding sites, 

Figure 2. Pressure and stiffness induced 
tumorigenesis in vivo. (a) Physical mimicking 
of pressure from hyperproliferative tumor growth 
in vivo is achieved by injection of ultramagnetic 
liposomes in the presence of small strong mag-
nets subcutaneously localized in front of the 
colon that favor liposome extravasation and 
endocytosis into the mesenchymal cells that con-
stitute the conjunctive tissue of colonic crypts 
epithelial cells, which generates the 1-kPa mouse 
tumor-growth pressure, leading to activation of 
the β-cat tumorigenic pathway through Y654–β-
cat and Ser9-GSK3β phosphorylation in healthy 
epithelial cells tissue (Fernández-Sánchez et al., 
2015). Ultramagnetic liposomes (red) colocalize 
with the intracellular Vimentin of mesenchymal 
cells (green), leading to the cytoplasmic orange–
yellow labeling that surrounds the cell nuclei 
labeled with Dapi in blue. (b) Mimicking an 
increase in �brotic sti�ness in vivo is achieved by 
transgenic Rock activation in the epidermis. �is 
results in activation of Myosin activity (pMypt1 
staining), the increase of sti�ness measured by 
AFM, and the inactivation of GSK3 by Ser9 phos-
phorylation leading to the tumorigenic β-cat 
pathway enhancement (Samuel et al., 2011).
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avoiding spontaneous formation of F-actin in the nucleus, and 
to the nuclear membrane protein Emerin (Simon et al., 2010; 
Isermann and Lammerding, 2013).

Mechanical nuclear responses have been analyzed by var-
ious and complementary experimental techniques including 
(a) small deformation processes by using magnetic tweezers on 
beads attached to Nesprin where the force is applied via specific 
attachment, suggesting a role for Nesprin in nuclear stiffness, 
and optical tweezers revealing that chromatin attachment con-
tributes to nuclear mechanical rigidity, (b) micropipette aspi-
ration where the force is applied through nonspecific interac-
tions suggesting a major role of Lamin-A in determining nuclear 
stiffness, and (c) atomic force microscopy (AFM) on nuclei, 

suggesting that both chromatin and Lamins were major contrib-
utors of nuclear mechanics (Lherbette et al., 2017). New recent 
studies on whole-nucleus extension revealed two regimes of 
nuclear mechanics: an initial short-extension regimen where 
chromatin dominates nuclear force response, followed by a sec-
ond long-extension regimen with a 50% higher stiffness at 30% 
strain where the lamina dominates the mechanics. These new 
findings indicating that Lamins do not behave as rigid structures 
but instead as a bendable, elastic polymeric network are also sup-
ported by recent data showing that Lamin filaments are easily 
bent (Stephens et al., 2017).

Mechanical stress has been shown to trigger a dynamic 
remodeling of these nucleoskeleton structures. Mechanical 

Figure 3. Nucleomechanotransduction. (a) �e LINC connects the cytoskeleton to the nucleus through SUN proteins anchored in the inner nuclear mem-
brane and Nesprins anchored in the outer nuclear membrane. Mechanical stress transmission (red stars) occurs through integrins, F-actin, Nesprin, and SUN 
proteins. Under tension, Lamin-A and -C proteins are assembled in the nuclear lamina then dephosphorylated, leading to protein unfolding, a decrease of sol-
ubility, and strengthening of the lamina. Cyt, cytoplasm; i.n.m, inner nuclear membrane; o.n.m, outer nuclear membrane; p.m., plasma membrane. (b) Cell and 
nuclear deformation occurs during migration through narrow constrictions of the ECM. Yellow depicts the actin–myosin network applying contractile forces 
onto the nucleus. (c) Cell migration through micrometer-sized constrictions provokes mislocalization of DNA-repair factors, causing DNA damage and leading 
to permanent heterogeneity in chromosome copy numbers, expression levels, cell shape, and migration ability (Irianto et al., 2017).
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stress is transmitted from the ECM to the nucleus, through integ-
rins at focal adhesion sites; actin filaments and myosin; the LINC 
complex, including nesprins attached to SUN proteins; and then 
Lamin-A and -C. The new role of integrins as crucial promoters 
of changes contributing to nuclear deformation is now under 
investigation during cancer cell migration (Madrazo et al., 2017). 
Lamin-A and -C are shown to be sensitive to mechanical stress, 
resulting in Lamin dephosphorylation, which in turn leads to 
decrease A-type Lamin solubility and to strengthen the lamina. 
Nuclear lamina confers the shape, elasticity, and the stiffness to 

the nuclear envelope, regulated by the stoichiometry of A- and 
B-type Lamins. In human-derived U251 glioblastoma tumors, 
tension could inhibit an enzyme that initiates phosphorylation, 
solubilization, and degradation of Lamin-A, thereby enhancing 
nucleus stiffness (Swift et al., 2013). The decrease of phosphor-
ylation under tension could be a consequence of the alteration 
of interaction with kinases due to changes in the organization 
of Lamins. Different mechanosensors may be involved and could 
be independently activated, in addition to the stiffness and stress 
increase of Lamin-A levels, further stabilizing and stiffening the 

Tools for testing the impact of mechanotransduction on tumor cell behavior

Stretching cultured cells in 2D
Most experiments on the role of sti�ness or mechanical strains on the biochemical state of cells have been performed in 2D cell culture. Traction force micros-
copy is based on the deformation of a hydrogel substrate by cells or of a micropost-compliant array substrate composed of so� polydimethylsiloxane micropillars 
individually deformed by cells, both allowing to measure the force acting from cells on the substrate and to modulate the sti�ness of a cultured cell substrate in 
a controlled quantitative way (Dembo and Wang, 1999; Tan et al., 2003; Beussman et al., 2016). Cells can also be stretched through deformation of the overall 
substrate (Michael Delaine-Smith et al., 2015). Hydrodynamic �ow applied directly on cultured cells has long been used to test for the mechanotransductive 
response of endothelial cells to blood �ow constraints (Nakache and Gaub, 1988; Davies, 1995). Cells can also be individually mechanically deformed by using 
AFM, allowing both the probing of their mechanical properties and mechanical stimulation of the cell (Santos and Castanho, 2004; Tello et al., 2016). At the 
molecular level, functional magnetic nanobeads under magnetic �elds are used to speci�cally address the mechanotransductive response of speci�c receptor in 
cellulo (Wang and Ingber, 1995; Marjoram et al., 2016). In addition to this method, optical tweezers are also used to address the question of functional protein 
conformation changes in response to strain in vitro (Biais et al., 2010; Siedlik et al., 2016) and in cellulo using �uorescence resonance energy transfer sensors to 
monitor conformation changes (Grasho� et al., 2010; Borghi et al., 2012).

Stretching cultured cells in 3D
From the tumor point of view, the behavior of cells cultured in two dimensions has recently been demonstrated to possibly di�er from 3D culture conditions, 
which are closer to in vivo conditions. Indeed, the oxygen concentration gradient and hypoxia induced by the spatial constraints of the growing tumor mass are 
pivotal for oncogene expression, ECM remodeling, and angiogenic factor expression during carcinogenesis (Erler and Weaver, 2009). Practically, reconstructed 
3D tumors better mimic endogenous tumor speci�city by using the most abundant tumor cell populations isolated from tumor biopsies or adapted selected 
cancer cell lines, including the environment surrounding the tumor comprising other cellular components (�broblasts and vascular and in�ammatory cells), as 
well as the ECM. As a result of growing tumor cells in a 3D environment, their metabolism, proliferation, viability, and migration abilities are increased; thus, they 
are more similar to the cellular behavior observed in human tumors such as melanoma, head, neck, and breast cancers (Kim, 2005; Feder-Mengus et al., 2008; 
Erler and Weaver, 2009).

In addition to reducing the experimentation on animals for drug tests, the 3D model of tumor development is very useful to study the e�ects of physical 
constraints in carcinogenesis. Indeed, a large range of rheology and thus cancerous tissue types representing di�erent tumor grades can be obtained because 
the spatial and mechanical properties of the engineered sca�olds that support cells can be precisely modulated. Sti�ness and architecture can be manipulated 
by modifying the molecular concentration, salt, and/or pH level, and/or by combining several components (Butcher et al., 2009). Sca�old structures thus allow 
the formation of gradients of external physical and biochemical stimuli that highly a�ect the genetic and epigenetic pro�le of the tumor in the course of tumor 
development, growth, and progression via the regulation of many transcription factors (AP1, p53, Myc, NF-kB, etc.) and expression and activity of chromatin-re-
modeling proteins (HDAC and MECP2; Gill and West, 2014). Indeed, lung organ on chips showed the recapitulation of both patient tumor growth and therapeutic 
response as modulated by breathing-associated mechanical strains (Hassell et al., 2017). 

Interestingly, and in addition to the development of spontaneous organoids generated from stem/niche cells in minimal conditions (Drost et al., 2016), 
recently developed innovative methods of 3D bioprinting that can reproduce high-resolution sca�old patterns of scales up to submicrometers, based on several 
biomaterials contained in bio-ink (Fig. 4). Combined with stem cell reprogramming and gene editing, 3D bioprinting allows a precise spatial distribution of several 
cell types within the 3D sca�old, thereby ensuring the heterogeneity and the complexity of the tumor as well as the tumor microenvironment tissues (Knowlton 
et al., 2015; Driehuis and Clevers, 2017). Indeed, thanks to medical imaging, the heterogeneous structure of an endogenous tumor can be mapped and then 
reconstructed by 3D so�ware to be reconstituted with 3D bioprinting with high �delity and reproducibility. Such technology can also be used on endogenous 
decellularized tumor tissue to accurately mimic speci�c aspects of the native tumor tissue in a controlled way (Jung et al., 2016). 

�us, modulation of the substrate sti�ness, or mechanical stress, will be applied to the reconstructed tumor, as begins to be the case for organoids 
(Gjorevski et al., 2016). Little is indeed known yet about the mechanical sti�ness/stress e�ects on 3D engineered tumor tissue. Recent studies have suggested 
cell dedi�erentiation by low-rigidity substrates acts via mechanosensitive epigenetic processes involving H3K9 methylation (Tan et al., 2014) and that 3D re-
constituted tumors cultured inside a compressed or tensed bioreactor have a higher metastatic potential (Cassereau et al., 2015). Mathematical models should 
additionally help predict and quantify tumor heterogeneities and e�ects of the sca�olds on these engineered tumor tissues (Soares et al., 2017). �us, tumor 
tissue engineering is just starting as a promising cell culture methodology to better mimic the heterogeneous 3D structure of a developing tumor and its behavior 
as a function of sti�ness and pressure, mechanical parameters which are inherent to tumor biology.

Modulating stiffness and stretching cell tissues in vivo
 To modulate tissue sti�ness in vivo, pharmacological approaches, such as BAPN treatment that inhibits collagen cross-link formation or Y27632 Rho/Rho kinase 
inhibitor treatments, inhibiting ECM cross-linking or contractile actomyosin activity and leading to the decrease in mice tumor sti�ness, are used in addition to 
transgenic constitutively activated Rock (Levental et al., 2009; Samuel et al., 2011; Nilsson et al., 2016; Bordeleau et al., 2017). To apply solid-stress pressure in 
vivo, intravenous injections of ultramagnetic liposomes were performed in mice previously implanted subcutaneously with a strong, small magnet in front of 
the organ (Fernández-Sánchez et al., 2015). A�er stabilization (from 30 min to 2 mo), the magnet served as a force generator, leading to a permanent pressure 
of 1 kPa for weeks to months, which corresponds to the colon tumor-growth pressure in mice, thereby quantitatively mimicking colon tumor-growth pressure. 
Interestingly, ultrasonic elastography showed tissue compression with no increase in the tissue sti�ness resulting from the “magnetically induced mechanical 
treatment,” ensuring a pure pressure-induced e�ect independently of any sti�ness e�ect. Such methodology might be generalized to the magnetization of any 
tissue vascularized enough to transport ultramagnetic liposomes and favor extravasation under local magnetic �eld gradients. �e use of small-animal magnetic 
resonance imaging could in addition allow the design of local magnetic �eld gradients targeted in depth to any organ with, in principle, possibilities of direct 
imaging of the strain deformation of the magnetized tissue due to magnetic contrast in vivo.
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nucleus in response to strain, whereas B-type Lamins are con-
stitutively expressed (Swift et al., 2013). Indeed, in cancer cells, 
Lamins are often misexpressed or localized aberrantly and con-
tribute to the multilobulated nuclear shape frequently observed 
(Foster et al., 2010).

Fluorescence resonance energy transfer analysis of Actin and 
Nesprin2 in NIH3T3 cells revealed their dynamic interaction in 
maintaining the cell nucleus in a prestressed state. Perturbation 
of the LINC complex by transfection of cells with dominant- 
negative KASH lacking the Actin-Nesprin2 binding domain 
causes the formation of actin stress fibers at the apical side of 
the nucleus. It also provokes an increase in nuclear height from  
7 to 8 µm, which reflects a decrease of cross-linking nuclear 
structures possibly leading to chromatin decondensation effects 
putatively involved in downstream transcriptional effects 
(Kumar and Shivashankar, 2016).

Whether such nuclear mechanotransductive cues responsive 
to the fibrosis induced change of substrate stiffness are involved 
in the process of tumor progression is under investigation. On the 
other hand, at late tumor progression stages, tumors are charac-
terized not only by a fibrosis-induced increase of ECM stiffness 
but also by cell motility and invasiveness. In such a scenario, 
individual tumor cells actively migrate inside a heterogeneous 
dense tissue composed of adherent cells and fibrotic stroma, 
leading to a strong deformation that can be transmitted to the 
nucleus by the cytoskeleton and can alternatively directly deform 
the nucleus (Harada et al., 2014; Krause and Wolf, 2015). A-type 
Lamin could have additional regulatory roles in preventing the 
deformation of nuclei at the entry of the dense tissue defect 
pores, with the nucleus acting as an anchor preventing cell move-
ments through the stroma. Studies of MSC, U251 glioblastoma, 
and A549 lung carcinoma cell migration through narrow pores of 
3 µm in diameter that mimic those of tumor tissues demonstrates 
that deformation of the nucleus depends on lamina composition. 
Lamin-A overexpression is correlated with a limited migration, 
whereas Lamin-A knock-down favors easier migration (Harada 
et al., 2014). In addition, nuclei with high A-type Lamin recover 
slowly after deformation and maintain an elongated morphology 
after emerging from the pores, whereas nuclei with dominant 
elastic B-type Lamin rapidly return to the more spheroid shape 
after deformation. Low lamin-A expression could thus represent 
a major actor in the development of metastasis, associated with 
EMT processes occurring during early development of metasta-
sis (Wolf et al., 2013; Saarinen et al., 2015; Kaspi et al., 2017).

Indeed, variations in Lamin-A levels were reported in cancer 
and other pathologies, with low levels reported in malignant 
carcinomas and colorectal cancer (Foster et al., 2010; Sakthivel 
and Sehgal, 2016).

In addition, osteosarcoma and lung adenocarcinoma cancer 
cell migration across interstitial spaces under tension could lead 
to the deformation of the nucleus and the formation of new chro-
matin and lamina contacts influencing gene expression. Along 
with enhancing gene expression heterogeneity in cancer cells 
during migration, this results in the loss of the nuclear envelope 
integrity and DNA damage by the loss of DNA repair factors, 
thereby generating additional heritable mutations (Fig. 3, b and 
c; Denais et al., 2016; Irianto et al., 2017). Correspondingly, cancer 

genome mutations seem to increase with tissue stiffness: Stiff 
tissues such as bone, muscle, or skin produce cancer that exhib-
its more genomic changes than tumors originating from soft tis-
sues (Pfeifer et al., 2017). DNA repair factors are now emerging 
as mechanosensitive factors that can alter the DNA sequence of 
the cells, leading to a new field of mechanogenomics to explore 
(Discher et al., 2017).

Nuclear mechanosensing is thus achieved through changes 
in protein conformation, translocation of transcription factors, 
chromosome conformation, and nuclear membrane dilatation 
or rupture. Omics-based metatranscriptome and proteome data 
analysis from diverse tissues revealed the potential importance 
of mechanosensory proteins in a broad range of species, not only 
in pathologies but also during embryonic development and aging 
(Cho et al., 2017).

Thus, because of the mechanical link between junctions, the 
plasma membrane, and the cytoskeleton with the nuclear mem-
brane and chromatin, a wide variety of new mechanosensors 
should be discovered in the nucleus in the future, with their role 
in tumor development to be tested. This should increase the com-
plexity and the subtlety of the mechanotransductive regulation 
processes, as will the new implications for microRNAs.

Mechanotransduction in cancer: a mechanical reactivation of 
physiological developmental mechanotransductive cues in 
response to pathological mechanical strains?
The mechanical strains generated by hydrodynamic blood flow 
during development are proposed to regulate blood vessel for-
mation, or dorsal aorta reduction of vessel-diameter maturation 
in zebrafish, through a VEG FR2-dependent mechanosensitive 
pathway. This was suggested to be the result of a decrease in 
VE-Cadherin tension, as innovatively monitored in vertebrates 
with a VE-cadherin tension sensor. The pathway could then possi-
bly down-regulate aorta junctions in response to blood flow shear 
stress, a process that would allow mechanical cell rearrangements 
in blood vessel formation and aorta maturation in response to 
stress (Grashoff et al., 2010; Sugden et al., 2017). These findings 
are reminiscent of hemodynamical regulation of angiogenesis in 
early chicken embryos by heart rate and cardiac output (Branum 
et al., 2013), or blood flow–induced mechanotransductive regula-
tion of zebrafish heart valve formation through the endocardial 
flow-responsive gene klf2a (Hove et al., 2003; Steed et al., 2016). In 
addition, angiogenesis was also proposed to be favored in tumors 
by the high stiffness characterized by fibrotic tumor development 
via the p190RhoGAP-dependent mechanical activation of GATA 
nuclear translocation leading to angiogenic VEG FR2 expression, 
a stiffness-dependent process that could also be involved in neo-
natal mouse retinal angiogenesis development in vivo (Mammoto 
et al., 2009). It would thus be interesting to understand if, in adult 
tissues, pathological anomalous hydrodynamical and stiffness 
conditions in tumors reactivate pathways similar to physiological 
embryonic angiogenic mechanosensitive biochemical pathways 
that induce vessel formation.

Stiffness also plays an important role in the determination 
of embryonic biomechanical morphogenesis (Fleury et al., 
2015; Serwane et al., 2017). For instance, in early Caenorhab-
ditis elegans embryos, lateral stiffness anisotropies within the 
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fiber-reinforced dorsoventral epidermis are critical in driving an 
anisotropically shaping anteroposterior embryonic elongation in 
response to forces developed by Myo-II contractibility (Vuong-
Brender et al., 2017). In addition, embryonic tissues were found 
to be reactive to shape change and stiffness increase by activat-
ing Myo-II in junctions as well as medio-apically (Fernandez-
Gonzalez et al., 2009; Pouille et al., 2009; Mitrossilis et al., 2017). 
The associated underlying molecular mechanisms consist of a 
direct process that potentially changes Myo-II affinity to actin 
in response to stress in junctions and a process of membrane 
flattening that inhibits endocytosis of the secreted factor Fog 
thereby enhancing the RhoGEF downstream pathway that stabi-
lizes Myo-II medio-apically, respectively. Associated physiolog-
ical functions consist of a reinforcement of tissue resistance in 
response to strains applied to the tissue or the trigger of major 
morphogenetic movements such as gastrulation in response 
to soft-cell deformation in the endomesoderm, respectively. It 
would thus be interesting to test if pathologically high stiffness/
tension in tumors reactivates such embryonic processes in adult 
tissues and leads to gastrulation-like morphogenetic anomalies 
such as anomalous crypt formation in colon cancer thereby ini-
tiating tumor formation or is at the origin of auto-enhancement 
effects because of nonlinear stiffness and by extrapolation to a 
possible stimulation of Myo-II–dependent cell migration and 
invasiveness favoring tumor growth.

In early embryos, the mechanical activation of the β-cat path-
way and the downstream differentiation of both the endoderm 
and mesoderm tissues were found to be mechanically triggered 
by their deformation by the morphogenetic movements of gas-
trulation (Farge, 2003; Desprat et al., 2008; Brunet et al., 2013). 

Here the mechanical activation of the β-cat pathway consisted 
of phosphorylation of Y654, its major site of interaction with 
E-cadherins at junctions, leading to a release of a pool of β-cat 
from the junctions to the cytoplasm and nuclei, thereby directly 
triggering transcription of mesoendoderm genes (Brunet et 
al., 2013). One is thus tempted to hypothesize that tumorigenic 
pathological mechanical strains anomalously reactivate the 
β-cat embryonic developmental physiological pathway, thereby 
leading to the reactivation of an endomesoderm developmental 
process within the adult colonic tissue, that consequently desta-
bilizes the homeostatic stability and participates in tumor pro-
gression by amplifying it though mechanotransduction.

Although such mechanical strain alone is sufficient to trigger 
hyperproliferation and anomalous crypt formation, the muta-
tion of only one copy of APC is required to mechanically induce 
tumors (Fernández-Sánchez et al., 2015). This is because the 
APC/GSK3β complex, which sends cytoplasmic β-cat to degra-
dation before nuclear translocation, is 50% less efficient in the 
APC+/− genetic background. Therefore, the probability of nuclear 
translocation of the β-cat mechanically released from junctions 
by mechanically induced Y654 phosphorylation is enhanced from 
hyperproliferative doses to tumorigenic doses in the APC+/− com-
pared with the WT. Thus, in this case, both genetic and microen-
vironmental biomechanical anomalies are required together to 
trigger tumorigenesis with the mechanistic process underlying 
such synergy being understood.

This is conceptually reminiscent, at microenvironmental 
levels, of epidemiological studies currently revealing in a more 
general context the synergy between genetic predispositions 
and environmental contexts, the most evident being smoking 

Figure 4. 3D tumor tissue manufacturing by bio-
printing is composed of three steps. �e design of the 
3D construct pattern, the fabrication of the 3D struc-
ture layer, and the maturation of the 3D tissue. �e 3D 
design and fabrication are usually developed in-house 
with a computer-aided system. �e biofabrication can 
be performed by seeding the di�erent type of cells into 
a prefabricated biocompatible 3D sca�old by precisely 
positioning droplets of cells encapsulated within matrix 
on a substrate, or by coprinting tumor cells and other 
cells able to produce ECM. �e 3D bioprinted construct 
is matured in a speci�c bioreactor with conditioned �ow 
parameters and mechanic stimulations that provide 
a dynamic environment in which cells can proliferate 
and di�erentiate.
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fumes and nutrition (Jaffee et al., 2017). However, the advantage 
of external environmental parameters is that it is a priori pos-
sible to remove it to decrease cancer development frequency. In 
contrast, internal microenvironmental mechanical strains are in 
themselves much more delicate to inhibit. We saw that Y-27632 
and BAPN treatments to down-regulate tumor tissue stiffness 
were successful in repressing mouse breast and prostate tumor 
progression (Levental et al., 2009; Samuel et al., 2011; Bordeleau 
et al., 2017) but might have undesired effects in other healthy 
tissues of the animal. Combining treatments that modulate the 
mechanical properties of tissues with efficient drug-targeting 
methodologies would certainly increase the probability of trans-
ferring such promising preclinical studies to human treatments.

Overall, the increasing evidence of the strong involvement 
of interstitial pressure, stiffness, or hyperproliferative pressure 
acting predominantly as an enhancer of tumor growth devel-
opment, makes the investigation of new treatments based on 
the inhibition of such tumorigenic mechanical cues a poten-
tially highly promising avenue for future innovative cures or 
synergic adjuvants to biochemically based current therapies 
and treatments.

Acknowledgments
E. Farge’s laboratory is currently funded by the Institut National 
du Cancer (grant PLB IO13-172), the Foundation pour la Recherche 
Médicale (grant DEQ20150331702), and the Agence Nationale de 
la Recherche (grant 16CE14002801). T.H. Nguyen Ho-Bouldoires 
is funded by the Foundation pour la Recherche Médicale (grant 
DEQ20150331702, postdoctoral funding).

The authors declare no competing financial interests.
Author contributions: E. Farge wrote the introduction, the 

paragraph on hydrodynamic forces, and the paragraph on pres-
sure in tumor progression with M.-E. Fernandez-Sanchez. M.-E. 
Fernandez-Sanchez wrote the paragraph on ECM stiffness in 
tumor progression. T.H. Nguyen Ho-Bouldoires wrote the 3D 
reconstituted tumor tools paragraph. F. Broders-Bondon wrote 
the mechanotransduction in the nucleus paragraph. E. Farge 
coordinated the writing of the paper.

Submitted: 4 April 2017
Revised: 19 January 2018
Accepted: 1 February 2018

References
Barker, N., R.A. Ridgway, J.H. van Es, M. van de Wetering, H. Begthel, M. 

van den Born, E. Danenberg, A.R. Clarke, O.J. Sansom, and H. Clevers. 
2009. Crypt stem cells as the cells-of-origin of intestinal cancer. Nature. 
457:608–611. https:// doi .org/ 10 .1038/ nature07602

Basan, M., T. Risler, J.F. Joanny, X. Sastre-Garau, and J. Prost. 2009. Homeo-
static competition drives tumor growth and metastasis nucleation. HFSP 
J. 3:265–272. https:// doi .org/ 10 .2976/ 1 .3086732

Belaadi, N., J. Aureille, and C. Guilluy. 2016. Under pressure: Mechanical 
stress management in the nucleus. Cells. 5:E27. https:// doi .org/ 10 .3390/ 
cells5020027

Benham-Pyle, B.W., B.L. Pruitt, and W.J. Nelson. 2015. Cell adhesion. Mechan-
ical strain induces E-cadherin-dependent Yap1 and β-catenin activation 
to drive cell cycle entry. Science. 348:1024–1027. https:// doi .org/ 10 .1126/ 
science .aaa4559

Beussman, K.M., M.L. Rodriguez, A. Leonard, N. Taparia, C.R. Thompson, and 
N.J. Sniadecki. 2016. Micropost arrays for measuring stem cell-derived 
cardiomyocyte contractility. Methods. 94:43–50. https:// doi .org/ 10 .1016/ 
j .ymeth .2015 .09 .005

Biais, N., D.L. Higashi, J. Brujic, M. So, and M.P. Sheetz. 2010. Force-dependent 
polymorphism in type IV pili reveals hidden epitopes. Proc. Natl. Acad. 
Sci. USA. 107:11358–11363. https:// doi .org/ 10 .1073/ pnas .0911328107

Bissell, M.J., P.A. Kenny, and D.C. Radisky. 2005. Microenvironmental regula-
tors of tissue structure and function also regulate tumor induction and 
progression: the role of extracellular matrix and its degrading enzymes. 
Cold Spring Harb. Symp. Quant. Biol. 70:343–356. https:// doi .org/ 10 .1101/ 
sqb .2005 .70 .013

Bonan, S., J. Albrengues, E. Grasset, S.E. Kuzet, N. Nottet, I. Bourget, T. Bertero, 
B. Mari, G. Meneguzzi, and C. Gaggioli. 2017. Membrane-bound ICAM-1 
contributes to the onset of proinvasive tumor stroma by controlling 
acto-myosin contractility in carcinoma-associated fibroblasts. Oncotar-
get. 8:1304–1320. https:// doi .org/ 10 .18632/ oncotarget .13610

Bordeleau, F., J.P. Califano, Y.L. Negrón Abril, B.N. Mason, D.J. LaValley, S.J. 
Shin, R.S. Weiss, and C.A. Reinhart-King. 2015. Tissue stiffness regulates 
serine/arginine-rich protein-mediated splicing of the extra domain 
B-fibronectin isoform in tumors. Proc. Natl. Acad. Sci. USA. 112:8314–
8319. https:// doi .org/ 10 .1073/ pnas .1505421112

Bordeleau, F., B.N. Mason, E.M. Lollis, M. Mazzola, M.R. Zanotelli, S. Somase-
gar, J.P. Califano, C. Montague, D.J. LaValley, J. Huynh, et al. 2017. Matrix 
stiffening promotes a tumor vasculature phenotype. Proc. Natl. Acad. Sci. 
USA. 114:492–497. https:// doi .org/ 10 .1073/ pnas .1613855114

Borghi, N., M. Sorokina, O.G. Shcherbakova, W.I. Weis, B.L. Pruitt, W.J. Nelson, 
and A.R. Dunn. 2012. E-cadherin is under constitutive actomyosin-gen-
erated tension that is increased at cell-cell contacts upon externally 
applied stretch. Proc. Natl. Acad. Sci. USA. 109:12568–12573. https:// doi 
.org/ 10 .1073/ pnas .1204390109

Boucher, Y., and R.K. Jain. 1992. Microvascular pressure is the principal driv-
ing force for interstitial hypertension in solid tumors: implications for 
vascular collapse. Cancer Res. 52:5110–5114.

Branum, S.R., M. Yamada-Fisher, and W. Burggren. 2013. Reduced heart rate 
and cardiac output differentially affect angiogenesis, growth, and devel-
opment in early chicken embryos (Gallus domesticus). Physiol. Biochem. 
Zool. 86:370–382. https:// doi .org/ 10 .1086/ 670594

Brouzés, E., and E. Farge. 2004. Interplay of mechanical deformation and pat-
terned gene expression in developing embryos. Curr. Opin. Genet. Dev. 
14:367–374. https:// doi .org/ 10 .1016/ j .gde .2004 .06 .005

Brujic, J., R.I. Hermans, S. Garcia-Manyes, K.A. Walther, and J.M. Fernandez. 
2007. Dwell-time distribution analysis of polyprotein unfolding using 
force-clamp spectroscopy. Biophys. J. 92:2896–2903. https:// doi .org/ 10 
.1529/ biophysj .106 .099481

Brunet, T., A. Bouclet, P. Ahmadi, D. Mitrossilis, B. Driquez, A.-C. Brunet, L. 
Henry, F. Serman, G. Béalle, C. Ménager, et al. 2013. Evolutionary con-
servation of early mesoderm specification by mechanotransduction in 
Bilateria. Nat. Commun. 4:2821. https:// doi .org/ 10 .1038/ ncomms3821

Buchanan, C.F., S.S. Verbridge, P.P. Vlachos, and M.N. Rylander. 2014. Flow 
shear stress regulates endothelial barrier function and expression of 
angiogenic factors in a 3D microfluidic tumor vascular model. Cell Adhes. 
Migr. 8:517–524. https:// doi .org/ 10 .4161/ 19336918 .2014 .970001

Butcher, D.T., T. Alliston, and V.M. Weaver. 2009. A tense situation: Forcing 
tumour progression. Nat. Rev. Cancer. 9:108–122. https:// doi .org/ 10 
.1038/ nrc2544

Calvo, F., N. Ege, A. Grande-Garcia, S. Hooper, R.P. Jenkins, S.I. Chaudhry, K. 
Harrington, P. Williamson, E. Moeendarbary, G. Charras, and E. Sahai. 
2013. Mechanotransduction and YAP-dependent matrix remodelling 
is required for the generation and maintenance of cancer-associated 
fibroblasts. Nat. Cell Biol. 15:637–646. https:// doi .org/ 10 .1038/ ncb2756

Cassereau, L., Y.A. Miroshnikova, G. Ou, J. Lakins, and V.M. Weaver. 2015. A 3D 
tension bioreactor platform to study the interplay between ECM stiff-
ness and tumor phenotype. J. Biotechnol. 193:66–69. https:// doi .org/ 10 
.1016/ j .jbiotec .2014 .11 .008

Chalfie, M. 2009. Neurosensory mechanotransduction. Nat. Rev. Mol. Cell Biol. 
10:44–52. https:// doi .org/ 10 .1038/ nrm2595

Chan, C.J., C.P. Heisenberg, and T. Hiiragi. 2017. Coordination of morphogen-
esis and cell-fate specification in development. Curr. Biol. 27:R1024–
R1035. https:// doi .org/ 10 .1016/ j .cub .2017 .07 .010

Chauhan, V.P., J.D. Martin, H. Liu, D.A. Lacorre, S.R. Jain, S.V. Kozin, T. Sty-
lianopoulos, A.S. Mousa, X. Han, P. Adstamongkonkul, et al. 2013. Angio-
tensin inhibition enhances drug delivery and potentiates chemotherapy 
by decompressing tumour blood vessels. Nat. Commun. 4:2516. https:// 
doi .org/ 10 .1038/ ncomms3516

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/jc

b
/a

rtic
le

-p
d
f/2

1
7
/5

/1
5
7
1
/1

3
7
6
8
0
8
/jc

b
_
2
0
1
7
0
1
0
3
9
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2

https://doi.org/10.1038/nature07602
https://doi.org/10.2976/1.3086732
https://doi.org/10.3390/cells5020027
https://doi.org/10.3390/cells5020027
https://doi.org/10.1126/science.aaa4559
https://doi.org/10.1126/science.aaa4559
https://doi.org/10.1016/j.ymeth.2015.09.005
https://doi.org/10.1016/j.ymeth.2015.09.005
https://doi.org/10.1073/pnas.0911328107
https://doi.org/10.1101/sqb.2005.70.013
https://doi.org/10.1101/sqb.2005.70.013
https://doi.org/10.18632/oncotarget.13610
https://doi.org/10.1073/pnas.1505421112
https://doi.org/10.1073/pnas.1613855114
https://doi.org/10.1073/pnas.1204390109
https://doi.org/10.1073/pnas.1204390109
https://doi.org/10.1086/670594
https://doi.org/10.1016/j.gde.2004.06.005
https://doi.org/10.1529/biophysj.106.099481
https://doi.org/10.1529/biophysj.106.099481
https://doi.org/10.1038/ncomms3821
https://doi.org/10.4161/19336918.2014.970001
https://doi.org/10.1038/nrc2544
https://doi.org/10.1038/nrc2544
https://doi.org/10.1038/ncb2756
https://doi.org/10.1016/j.jbiotec.2014.11.008
https://doi.org/10.1016/j.jbiotec.2014.11.008
https://doi.org/10.1038/nrm2595
https://doi.org/10.1016/j.cub.2017.07.010
https://doi.org/10.1038/ncomms3516
https://doi.org/10.1038/ncomms3516


Broders-Bondon et al. 

Mechanotransduction in tumor progression

Journal of Cell Biology

https://doi.org/10.1083/jcb.201701039

1583

Chen, C.S., M. Mrksich, S. Huang, G.M. Whitesides, and D.E. Ingber. 1997. Geo-
metric control of cell life and death. Science. 276:1425–1428. https:// doi 
.org/ 10 .1126/ science .276 .5317 .1425

Cho, S., J. Irianto, and D.E. Discher. 2017. Mechanosensing by the nucleus: 
From pathways to scaling relationships. J. Cell Biol. 216:305–315. https:// 
doi .org/ 10 .1083/ jcb .201610042

Conway, D.E., M.T. Breckenridge, E. Hinde, E. Gratton, C.S. Chen, and M.A. 
Schwartz. 2013. Fluid shear stress on endothelial cells modulates 
mechanical tension across VE-cadherin and PEC AM-1. Curr. Biol. 
23:1024–1030. https:// doi .org/ 10 .1016/ j .cub .2013 .04 .049

Conway, D.E., B.G. Coon, M. Budatha, P.T. Arsenovic, F. Orsenigo, F. Wessel, 
J. Zhang, Z. Zhuang, E. Dejana, D. Vestweber, and M.A. Schwartz. 2017. 
VE-cadherin phosphorylation regulates endothelial fluid shear stress 
responses through the polarity protein LGN. Curr. Biol. 27:2219–2225.e5.

Davies, P.F. 1995. Flow-mediated endothelial mechanotransduction. Physiol. 
Rev. 75:519–560. https:// doi .org/ 10 .1152/ physrev .1995 .75 .3 .519

Defilippi, P., P. Di Stefano, and S. Cabodi. 2006. p130Cas: A versatile scaffold in 
signaling networks. Trends Cell Biol. 16:257–263. https:// doi .org/ 10 .1016/ 
j .tcb .2006 .03 .003

Delarue, M., F. Montel, D. Vignjevic, J. Prost, J.F. Joanny, and G. Cappello. 2014. 
Compressive stress inhibits proliferation in tumor spheroids through 
a volume limitation. Biophys. J. 107:1821–1828. https:// doi .org/ 10 .1016/ 
j .bpj .2014 .08 .031

del Rio, A., R. Perez-Jimenez, R. Liu, P. Roca-Cusachs, J.M. Fernandez, and M.P. 
Sheetz. 2009. Stretching single talin rod molecules activates vinculin 
binding. Science. 323:638–641. https:// doi .org/ 10 .1126/ science .1162912

Dembo, M., and Y.L. Wang. 1999. Stresses at the cell-to-substrate interface 
during locomotion of fibroblasts. Biophys. J. 76:2307–2316. https:// doi 
.org/ 10 .1016/ S0006 -3495(99)77386 -8

Denais, C.M., R.M. Gilbert, P. Isermann, A.L. McGregor, M. te Lindert, B. 
Weigelin, P.M. Davidson, P. Friedl, K. Wolf, and J. Lammerding. 2016. 
Nuclear envelope rupture and repair during cancer cell migration. Sci-
ence. 352:353–358. https:// doi .org/ 10 .1126/ science .aad7297

Desprat, N., W. Supatto, P.-A. Pouille, E. Beaurepaire, and E. Farge. 2008. Tis-
sue deformation modulates twist expression to determine anterior mid-
gut differentiation in Drosophila embryos. Dev. Cell. 15:470–477. https:// 
doi .org/ 10 .1016/ j .devcel .2008 .07 .009

Dirkx, A.E., M.G. oude Egbrink, K. Castermans, D.W. van der Schaft, V.L. Thi-
jssen, R.P. Dings, L. Kwee, K.H. Mayo, J. Wagstaff, J.C. Bouma-ter Steege, 
and A.W. Griffioen. 2006. Anti-angiogenesis therapy can overcome 
endothelial cell anergy and promote leukocyte-endothelium interac-
tions and infiltration in tumors. FAS EB J. 20:621–630. https:// doi .org/ 
10 .1096/ fj .05 -4493com

Discher, D.E., P. Janmey, and Y.L. Wang. 2005. Tissue cells feel and respond to 
the stiffness of their substrate. Science. 310:1139–1143. https:// doi .org/ 
10 .1126/ science .1116995

Discher, D.E., L. Smith, S. Cho, M. Colasurdo, A.J. García, and S. Safran. 2017. 
Matrix mechanosensing: From scaling concepts in 'omics data to mech-
anisms in the nucleus, regeneration, and cancer. Annu. Rev. Biophys. 
46:295–315. https:// doi .org/ 10 .1146/ annurev -biophys -062215 -011206

Dong, Y., X. Xie, Z. Wang, C. Hu, Q. Zheng, Y. Wang, R. Chen, T. Xue, J. Chen, 
D. Gao, et al. 2014. Increasing matrix stiffness upregulates vascular 
endothelial growth factor expression in hepatocellular carcinoma cells 
mediated by integrin β1. Biochem. Biophys. Res. Commun. 444:427–432. 
https:// doi .org/ 10 .1016/ j .bbrc .2014 .01 .079

Driehuis, E., and H. Clevers. 2017. CRI SPR/Cas 9 genome editing and its 
applications in organoids. Am. J. Physiol. Gastrointest. Liver Physiol. 
312:G357–G265.

Drost, J., W.R. Karthaus, D. Gao, E. Driehuis, C.L. Sawyers, Y. Chen, and H. Clev-
ers. 2016. Organoid culture systems for prostate epithelial and cancer 
tissue. Nat. Protoc. 11:347–358. https:// doi .org/ 10 .1038/ nprot .2016 .006

Dupont, S., L. Morsut, M. Aragona, E. Enzo, S. Giulitti, M. Cordenonsi, F. Zan-
conato, J. Le Digabel, M. Forcato, S. Bicciato, et al. 2011. Role of YAP/TAZ 
in mechanotransduction. Nature. 474:179–183. https:// doi .org/ 10 .1038/ 
nature10137

Elosegui-Artola, A., R. Oria, Y. Chen, A. Kosmalska, C. Pérez-González, N. Cas-
tro, C. Zhu, X. Trepat, and P. Roca-Cusachs. 2016. Mechanical regulation 
of a molecular clutch defines force transmission and transduction in 
response to matrix rigidity. Nat. Cell Biol. 18:540–548. https:// doi .org/ 
10 .1038/ ncb3336

Engler, A.J., S. Sen, H.L. Sweeney, and D.E. Discher. 2006. Matrix elasticity 
directs stem cell lineage specification. Cell. 126:677–689. https:// doi .org/ 
10 .1016/ j .cell .2006 .06 .044

Erler, J.T., and V.M. Weaver. 2009. Three-dimensional context regulation 
of metastasis. Clin. Exp. Metastasis. 26:35–49. https:// doi .org/ 10 .1007/ 
s10585 -008 -9209 -8

Esra Demircioglu, F., V.E. Cruz, and T.U. Schwartz. 2016. Purification and 
Structural Analysis of SUN and KASH Domain Proteins. Methods Enzy-
mol. 569:63–78. https:// doi .org/ 10 .1016/ bs .mie .2015 .08 .011

Farge, E. 2003. Mechanical induction of Twist in the Drosophila foregut/sto-
modeal primordium. Curr. Biol. 13:1365–1377. https:// doi .org/ 10 .1016/ 
S0960 -9822(03)00576 -1

Feder-Mengus, C., S. Ghosh, A. Reschner, I. Martin, and G.C. Spagnoli. 2008. 
New dimensions in tumor immunology: What does 3D culture reveal? 
Trends Mol. Med. 14:333–340. https:// doi .org/ 10 .1016/ j .molmed .2008 .06 
.001

Fernandez-Gonzalez, R., S.M. Simoes, J.C. Röper, S. Eaton, and J.A. Zallen. 
2009. Myosin II dynamics are regulated by tension in intercalating cells. 
Dev. Cell. 17:736–743. https:// doi .org/ 10 .1016/ j .devcel .2009 .09 .003

Fernández-Sánchez, M.E., S. Barbier, J. Whitehead, G. Béalle, A. Michel, 
H. Latorre-Ossa, C. Rey, L. Fouassier, A. Claperon, L. Brullé, et al. 
2015. Mechanical induction of the tumorigenic β-catenin pathway by 
tumour growth pressure. Nature. 523:92–95. https:// doi .org/ 10 .1038/ 
nature14329

Fleury, V., N.R. Chevalier, F. Furfaro, and J.L. Duband. 2015. Buckling along 
boundaries of elastic contrast as a mechanism for early vertebrate mor-
phogenesis. Eur Phys J E Soft Matter. 38:92. https:// doi .org/ 10 .1140/ epje/ 
i2015 -15006 -7

Foster, C.R., S.A. Przyborski, R.G. Wilson, and C.J. Hutchison. 2010. Lamins as 
cancer biomarkers. Biochem. Soc. Trans. 38:297–300. https:// doi .org/ 10 
.1042/ BST0380297

Fournier, A.K., L.E. Campbell, P. Castagnino, W.F. Liu, B.M. Chung, V.M. 
Weaver, C.S. Chen, and R.K. Assoian. 2008. Rac-dependent cyclin D1 
gene expression regulated by cadherin- and integrin-mediated adhe-
sion. J. Cell Sci. 121:226–233. https:// doi .org/ 10 .1242/ jcs .017012

Franke, R.P., M. Gräfe, H. Schnittler, D. Seiffge, C. Mittermayer, and D. 
Drenckhahn. 1984. Induction of human vascular endothelial stress 
fibres by fluid shear stress. Nature. 307:648–649. https:// doi .org/ 10 
.1038/ 307648a0

Friedland, J.C., M.H. Lee, and D. Boettiger. 2009. Mechanically activated inte-
grin switch controls alpha5beta1 function. Science. 323:642–644. https:// 
doi .org/ 10 .1126/ science .1168441

Galie, P.A., D.H. Nguyen, C.K. Choi, D.M. Cohen, P.A. Janmey, and C.S. Chen. 
2014. Fluid shear stress threshold regulates angiogenic sprouting. 
Proc. Natl. Acad. Sci. USA. 111:7968–7973. https:// doi .org/ 10 .1073/ pnas 
.1310842111

Geiger, B., J.P. Spatz, and A.D. Bershadsky. 2009. Environmental sensing 
through focal adhesions. Nat. Rev. Mol. Cell Biol. 10:21–33. https:// doi 
.org/ 10 .1038/ nrm2593

Ghajar, C.M., and M.J. Bissell. 2008. Extracellular matrix control of mam-
mary gland morphogenesis and tumorigenesis: Insights from imaging. 
Histochem. Cell Biol. 130:1105–1118. https:// doi .org/ 10 .1007/ s00418 -008 
-0537 -1

Gill, B.J., and J.L. West. 2014. Modeling the tumor extracellular matrix: Tissue 
engineering tools repurposed towards new frontiers in cancer biology. 
J. Biomech. 47:1969–1978. https:// doi .org/ 10 .1016/ j .jbiomech .2013 .09 .029

Gjorevski, N., N. Sachs, A. Manfrin, S. Giger, M.E. Bragina, P. Ordóñez-Morán, 
H. Clevers, and M.P. Lutolf. 2016. Designer matrices for intestinal stem 
cell and organoid culture. Nature. 539:560–564. https:// doi .org/ 10 .1038/ 
nature20168

Glentis, A., P. Oertle, P. Mariani, A. Chikina, F. El Marjou, Y. Attieh, F. Zacca-
rini, M. Lae, D. Loew, F. Dingli, et al. 2017. Cancer-associated fibroblasts 
induce metalloprotease-independent cancer cell invasion of the base-
ment membrane. Nat. Commun. 8:924. https:// doi .org/ 10 .1038/ s41467 
-017 -00985 -8

Goel, S., D.G. Duda, L. Xu, L.L. Munn, Y. Boucher, D. Fukumura, and R.K. Jain. 
2011. Normalization of the vasculature for treatment of cancer and 
other diseases. Physiol. Rev. 91:1071–1121. https:// doi .org/ 10 .1152/ physrev 
.00038 .2010

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/jc

b
/a

rtic
le

-p
d
f/2

1
7
/5

/1
5
7
1
/1

3
7
6
8
0
8
/jc

b
_
2
0
1
7
0
1
0
3
9
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2

https://doi.org/10.1126/science.276.5317.1425
https://doi.org/10.1126/science.276.5317.1425
https://doi.org/10.1083/jcb.201610042
https://doi.org/10.1083/jcb.201610042
https://doi.org/10.1016/j.cub.2013.04.049
https://doi.org/10.1152/physrev.1995.75.3.519
https://doi.org/10.1016/j.tcb.2006.03.003
https://doi.org/10.1016/j.tcb.2006.03.003
https://doi.org/10.1016/j.bpj.2014.08.031
https://doi.org/10.1016/j.bpj.2014.08.031
https://doi.org/10.1126/science.1162912
https://doi.org/10.1016/S0006-3495(99)77386-8
https://doi.org/10.1016/S0006-3495(99)77386-8
https://doi.org/10.1126/science.aad7297
https://doi.org/10.1016/j.devcel.2008.07.009
https://doi.org/10.1016/j.devcel.2008.07.009
https://doi.org/10.1096/fj.05-4493com
https://doi.org/10.1096/fj.05-4493com
https://doi.org/10.1126/science.1116995
https://doi.org/10.1126/science.1116995
https://doi.org/10.1146/annurev-biophys-062215-011206
https://doi.org/10.1016/j.bbrc.2014.01.079
https://doi.org/10.1038/nprot.2016.006
https://doi.org/10.1038/nature10137
https://doi.org/10.1038/nature10137
https://doi.org/10.1038/ncb3336
https://doi.org/10.1038/ncb3336
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1007/s10585-008-9209-8
https://doi.org/10.1007/s10585-008-9209-8
https://doi.org/10.1016/bs.mie.2015.08.011
https://doi.org/10.1016/S0960-9822(03)00576-1
https://doi.org/10.1016/S0960-9822(03)00576-1
https://doi.org/10.1016/j.molmed.2008.06.001
https://doi.org/10.1016/j.molmed.2008.06.001
https://doi.org/10.1016/j.devcel.2009.09.003
https://doi.org/10.1038/nature14329
https://doi.org/10.1038/nature14329
https://doi.org/10.1140/epje/i2015-15006-7
https://doi.org/10.1140/epje/i2015-15006-7
https://doi.org/10.1042/BST0380297
https://doi.org/10.1042/BST0380297
https://doi.org/10.1242/jcs.017012
https://doi.org/10.1038/307648a0
https://doi.org/10.1038/307648a0
https://doi.org/10.1126/science.1168441
https://doi.org/10.1126/science.1168441
https://doi.org/10.1073/pnas.1310842111
https://doi.org/10.1073/pnas.1310842111
https://doi.org/10.1038/nrm2593
https://doi.org/10.1038/nrm2593
https://doi.org/10.1007/s00418-008-0537-1
https://doi.org/10.1007/s00418-008-0537-1
https://doi.org/10.1016/j.jbiomech.2013.09.029
https://doi.org/10.1038/nature20168
https://doi.org/10.1038/nature20168
https://doi.org/10.1038/s41467-017-00985-8
https://doi.org/10.1038/s41467-017-00985-8
https://doi.org/10.1152/physrev.00038.2010
https://doi.org/10.1152/physrev.00038.2010


Broders-Bondon et al. 

Mechanotransduction in tumor progression

Journal of Cell Biology

https://doi.org/10.1083/jcb.201701039

1584

Gopal, S., L. Veracini, D. Grall, C. Butori, S. Schaub, S. Audebert, L. Camoin, 
E. Baudelet, A. Radwanska, S. Beghelli-de la Forest Divonne, et al. 2017. 
Fibronectin-guided migration of carcinoma collectives. Nat. Commun. 
8:14105. https:// doi .org/ 10 .1038/ ncomms14105

Gospodarowicz, D., G. Greenburg, and C.R. Birdwell. 1978. Determination of 
cellular shape by the extracellular matrix and its correlation with the 
control of cellular growth. Cancer Res. 38:4155–4171.

Grashoff, C., B.D. Hoffman, M.D. Brenner, R. Zhou, M. Parsons, M.T. Yang, 
M.A. McLean, S.G. Sligar, C.S. Chen, T. Ha, and M.A. Schwartz. 2010. 
Measuring mechanical tension across vinculin reveals regulation of 
focal adhesion dynamics. Nature. 466:263–266. https:// doi .org/ 10 .1038/ 
nature09198

Griffioen, A.W., C.A. Damen, G.H. Blijham, and G. Groenewegen. 1996. Tumor 
angiogenesis is accompanied by a decreased inflammatory response of 
tumor-associated endothelium. Blood. 88:667–673.

Hadjipanayi, E., V. Mudera, and R.A. Brown. 2009. Close dependence of fibro-
blast proliferation on collagen scaffold matrix stiffness. J. Tissue Eng. 
Regen. Med. 3:77–84. https:// doi .org/ 10 .1002/ term .136

Hamant, O., M.G. Heisler, H. Jönsson, P. Krupinski, M. Uyttewaal, P. Bokov, 
F. Corson, P. Sahlin, A. Boudaoud, E.M. Meyerowitz, et al. 2008. Devel-
opmental patterning by mechanical signals in Arabidopsis. Science. 
322:1650–1655. https:// doi .org/ 10 .1126/ science .1165594

Harada, T., J. Swift, J. Irianto, J.W. Shin, K.R. Spinler, A. Athirasala, R. Dieg-
miller, P.C. Dingal, I.L. Ivanovska, and D.E. Discher. 2014. Nuclear lamin 
stiffness is a barrier to 3D migration, but softness can limit survival. J. 
Cell Biol. 204:669–682. https:// doi .org/ 10 .1083/ jcb .201308029

Hassell, B.A., G. Goyal, E. Lee, A. Sontheimer-Phelps, O. Levy, C.S. Chen, and 
D.E. Ingber. 2017. Human organ chip models recapitulate orthotopic lung 
cancer growth, therapeutic responses, and tumor dormancy in vitro. 
Cell Reports. 21:508–516. https:// doi .org/ 10 .1016/ j .celrep .2017 .09 .043

Hay, D.C., C. Beers, V. Cameron, L. Thomson, F.W. Flitney, and R.T. Hay. 2003. 
Activation of NF-kappaB nuclear transcription factor by flow in human 
endothelial cells. Biochim. Biophys. Acta. 1642:33–44. https:// doi .org/ 10 
.1016/ S0167 -4889(03)00084 -3

Herszterg, S., A. Leibfried, F. Bosveld, C. Martin, and Y. Bellaiche. 2013. Inter-
play between the dividing cell and its neighbors regulates adherens 
junction formation during cytokinesis in epithelial tissue. Dev. Cell. 
24:256–270. https:// doi .org/ 10 .1016/ j .devcel .2012 .11 .019

Hiramatsu, R., T. Matsuoka, C. Kimura-Yoshida, S.W. Han, K. Mochida, T. 
Adachi, S. Takayama, and I. Matsuo. 2013. External mechanical cues 
trigger the establishment of the anterior-posterior axis in early mouse 
embryos. Dev. Cell. 27:131–144. https:// doi .org/ 10 .1016/ j .devcel .2013 .09 
.026

Hove, J.R., R.W. Köster, A.S. Forouhar, G. Acevedo-Bolton, S.E. Fraser, and M. 
Gharib. 2003. Intracardiac fluid forces are an essential epigenetic fac-
tor for embryonic cardiogenesis. Nature. 421:172–177. https:// doi .org/ 10 
.1038/ nature01282

Ingber, D.E., and J. Folkman. 1989. Mechanochemical switching between 
growth and differentiation during fibroblast growth factor-stimulated 
angiogenesis in vitro: role of extracellular matrix. J. Cell Biol. 109:317–
330. https:// doi .org/ 10 .1083/ jcb .109 .1 .317

Irianto, J., Y. Xia, C.R. Pfeifer, A. Athirasala, J. Ji, C. Alvey, M. Tewari, R.R. Ben-
nett, S.M. Harding, A.J. Liu, et al. 2017. DNA damage follows repair fac-
tor depletion and portends genome variation in cancer cells after pore 
migration. Curr. Biol. 27:210–223. https:// doi .org/ 10 .1016/ j .cub .2016 .11 
.049

Isermann, P., and J. Lammerding. 2013. Nuclear mechanics and mechano-
transduction in health and disease. Curr. Biol. 23:R1113–R1121. https:// 
doi .org/ 10 .1016/ j .cub .2013 .11 .009

Jaffee, E.M., C.V. Dang, D.B. Agus, B.M. Alexander, K.C. Anderson, A. Ashworth, 
A.D. Barker, R. Bastani, S. Bhatia, J.A. Bluestone, et al. 2017. Future can-
cer research priorities in the USA: A Lancet Oncology Commission. Lan-
cet Oncol. 18:e653–e706. https:// doi .org/ 10 .1016/ S1470 -2045(17)30698 -8

Jain, R.K., J.D. Martin, and T. Stylianopoulos. 2014. The role of mechanical 
forces in tumor growth and therapy. Annu. Rev. Biomed. Eng. 16:321–346. 
https:// doi .org/ 10 .1146/ annurev -bioeng -071813 -105259

Jin, A.J., and R. Nossal. 2000. Rigidity of triskelion arms and clathrin nets. Bio-
phys. J. 78:1183–1194. https:// doi .org/ 10 .1016/ S0006 -3495(00)76676 -8

Jung, J.P., D.B. Bhuiyan, and B.M. Ogle. 2016. Solid organ fabrication: Compar-
ison of decellularization to 3D bioprinting. Biomater. Res. 20:27. https:// 
doi .org/ 10 .1186/ s40824 -016 -0074 -2

Kahn, J., Y. Shwartz, E. Blitz, S. Krief, A. Sharir, D.A. Breitel, R. Rattenbach, 
F. Relaix, P. Maire, R.B. Rountree, et al. 2009. Muscle contraction is 

necessary to maintain joint progenitor cell fate. Dev. Cell. 16:734–743. 
https:// doi .org/ 10 .1016/ j .devcel .2009 .04 .013

Kaspi, E., D. Frankel, J. Guinde, S. Perrin, S. Laroumagne, A. Robaglia-Schlupp, 
K. Ostacolo, K. Harhouri, R. Tazi-Mezalek, J. Micallef, et al. 2017. Low 
lamin A expression in lung adenocarcinoma cells from pleural effusions 
is a pejorative factor associated with high number of metastatic sites 
and poor Performance status. PLoS One. 12:e0183136. https:// doi .org/ 10 
.1371/ journal .pone .0183136

Kaushik, S., M.W. Pickup, and V.M. Weaver. 2016. From transformation to 
metastasis: Deconstructing the extracellular matrix in breast cancer. 
Cancer Metastasis Rev. 35:655–667. https:// doi .org/ 10 .1007/ s10555 -016 
-9650 -0

Khachigian, L.M., N. Resnick, M.A. Gimbrone Jr., and T. Collins. 1995. Nuclear 
factor-kappa B interacts functionally with the platelet-derived growth 
factor B-chain shear-stress response element in vascular endothelial 
cells exposed to fluid shear stress. J. Clin. Invest. 96:1169–1175. https:// 
doi .org/ 10 .1172/ JCI118106

Kim, J.B. 2005. Three-dimensional tissue culture models in cancer biology. 
Semin. Cancer Biol. 15:365–377. https:// doi .org/ 10 .1016/ j .semcancer .2005 
.05 .002

Knowlton, S., S. Onal, C.H. Yu, J.J. Zhao, and S. Tasoglu. 2015. Bioprinting for 
cancer research. Trends Biotechnol. 33:504–513. https:// doi .org/ 10 .1016/ 
j .tibtech .2015 .06 .007

Kopanska, K.S., Y. Alcheikh, R. Staneva, D. Vignjevic, and T. Betz. 2016. Tensile 
forces originating from cancer spheroids facilitate tumor invasion. PLoS 
One. 11:e0156442. https:// doi .org/ 10 .1371/ journal .pone .0156442

Krause, M., and K. Wolf. 2015. Cancer cell migration in 3D tissue: Negotiating 
space by proteolysis and nuclear deformability. Cell Adhes. Migr. 9:357–
366. https:// doi .org/ 10 .1080/ 19336918 .2015 .1061173

Krndija, D., H. Schmid, J.L. Eismann, U. Lother, G. Adler, F. Oswald, T. Seuffer-
lein, and G. von Wichert. 2010. Substrate stiffness and the receptor-type 
tyrosine-protein phosphatase alpha regulate spreading of colon cancer 
cells through cytoskeletal contractility. Oncogene. 29:2724–2738. https:// 
doi .org/ 10 .1038/ onc .2010 .25

Kumar, A., and G.V. Shivashankar. 2016. Dynamic interaction between actin 
and nesprin2 maintain the cell nucleus in a prestressed state. Meth-
ods Appl. Fluoresc. 4:044008. https:// doi .org/ 10 .1088/ 2050 -6120/ 4/ 4/ 
044008

Ladoux, B., E. Anon, M. Lambert, A. Rabodzey, P. Hersen, A. Buguin, P. Silber-
zan, and R.-M. Mège. 2010. Strength dependence of cadherin-mediated 
adhesions. Biophys. J. 98:534–542. https:// doi .org/ 10 .1016/ j .bpj .2009 .10 
.044

Lamaze, C., and S. Torrino. 2015. Caveolae and cancer: A new mechanical 
perspective. Biomed. J. 38:367–379. https:// doi .org/ 10 .4103/ 2319 -4170 
.164229

Le, L.T., O. Cazares, J.K. Mouw, S. Chatterjee, H. Macias, A. Moran, J. Ramos, 
P.J. Keely, V.M. Weaver, and L. Hinck. 2016. Loss of miR-203 regulates 
cell shape and matrix adhesion through ROBO1/Rac/FAK in response to 
stiffness. J. Cell Biol. 212:707–719. https:// doi .org/ 10 .1083/ jcb .201507054

Leight, J.L., M.A. Wozniak, S. Chen, M.L. Lynch, and C.S. Chen. 2012. Matrix 
rigidity regulates a switch between TGF-β1-induced apoptosis and epi-
thelial-mesenchymal transition. Mol. Biol. Cell. 23:781–791. https:// doi 
.org/ 10 .1091/ mbc .E11 -06 -0537

Levental, K.R., H. Yu, L. Kass, J.N. Lakins, M. Egeblad, J.T. Erler, S.F. Fong, K. 
Csiszar, A. Giaccia, W. Weninger, et al. 2009. Matrix crosslinking forces 
tumor progression by enhancing integrin signaling. Cell. 139:891–906. 
https:// doi .org/ 10 .1016/ j .cell .2009 .10 .027

Lherbette, M., Á. Dos Santos, Y. Hari-Gupta, N. Fili, C.P. Toseland, and I.A.T. 
Schaap. 2017. Atomic force microscopy micro-rheology reveals large 
structural inhomogeneities in single cell-nuclei. Sci. Rep. 7:8116. https:// 
doi .org/ 10 .1038/ s41598 -017 -08517 -6

Li, L., and D. Hanahan. 2013. Hijacking the neuronal NMD AR signaling cir-
cuit to promote tumor growth and invasion. Cell. 153:86–100. https:// 
doi .org/ 10 .1016/ j .cell .2013 .02 .051

Liu, F., D. Lagares, K.M. Choi, L. Stopfer, A. Marinković, V. Vrbanac, C.K. 
Probst, S.E. Hiemer, T.H. Sisson, J.C. Horowitz, et al. 2015. Mechanosig-
naling through YAP and TAZ drives fibroblast activation and fibrosis. 
Am. J. Physiol. Lung Cell. Mol. Physiol. 308:L344–L357. https:// doi .org/ 10 
.1152/ ajplung .00300 .2014

Madrazo, E., A.C. Conde, and J. Redondo-Muñoz. 2017. Inside the cell: Inte-
grins as new governors of nuclear alterations? Cancers (Basel). 9:E82. 
https:// doi .org/ 10 .3390/ cancers9070082

Maître, J.L., H. Turlier, R. Illukkumbura, B. Eismann, R. Niwayama, F. Nédélec, 
and T. Hiiragi. 2016. Asymmetric division of contractile domains couples 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/jc

b
/a

rtic
le

-p
d
f/2

1
7
/5

/1
5
7
1
/1

3
7
6
8
0
8
/jc

b
_
2
0
1
7
0
1
0
3
9
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2

https://doi.org/10.1038/ncomms14105
https://doi.org/10.1038/nature09198
https://doi.org/10.1038/nature09198
https://doi.org/10.1002/term.136
https://doi.org/10.1126/science.1165594
https://doi.org/10.1083/jcb.201308029
https://doi.org/10.1016/j.celrep.2017.09.043
https://doi.org/10.1016/S0167-4889(03)00084-3
https://doi.org/10.1016/S0167-4889(03)00084-3
https://doi.org/10.1016/j.devcel.2012.11.019
https://doi.org/10.1016/j.devcel.2013.09.026
https://doi.org/10.1016/j.devcel.2013.09.026
https://doi.org/10.1038/nature01282
https://doi.org/10.1038/nature01282
https://doi.org/10.1083/jcb.109.1.317
https://doi.org/10.1016/j.cub.2016.11.049
https://doi.org/10.1016/j.cub.2016.11.049
https://doi.org/10.1016/j.cub.2013.11.009
https://doi.org/10.1016/j.cub.2013.11.009
https://doi.org/10.1016/S1470-2045(17)30698-8
https://doi.org/10.1146/annurev-bioeng-071813-105259
https://doi.org/10.1016/S0006-3495(00)76676-8
https://doi.org/10.1186/s40824-016-0074-2
https://doi.org/10.1186/s40824-016-0074-2
https://doi.org/10.1016/j.devcel.2009.04.013
https://doi.org/10.1371/journal.pone.0183136
https://doi.org/10.1371/journal.pone.0183136
https://doi.org/10.1007/s10555-016-9650-0
https://doi.org/10.1007/s10555-016-9650-0
https://doi.org/10.1172/JCI118106
https://doi.org/10.1172/JCI118106
https://doi.org/10.1016/j.semcancer.2005.05.002
https://doi.org/10.1016/j.semcancer.2005.05.002
https://doi.org/10.1016/j.tibtech.2015.06.007
https://doi.org/10.1016/j.tibtech.2015.06.007
https://doi.org/10.1371/journal.pone.0156442
https://doi.org/10.1080/19336918.2015.1061173
https://doi.org/10.1038/onc.2010.25
https://doi.org/10.1038/onc.2010.25
https://doi.org/10.1088/2050-6120/4/4/044008
https://doi.org/10.1088/2050-6120/4/4/044008
https://doi.org/10.1016/j.bpj.2009.10.044
https://doi.org/10.1016/j.bpj.2009.10.044
https://doi.org/10.4103/2319-4170.164229
https://doi.org/10.4103/2319-4170.164229
https://doi.org/10.1083/jcb.201507054
https://doi.org/10.1091/mbc.E11-06-0537
https://doi.org/10.1091/mbc.E11-06-0537
https://doi.org/10.1016/j.cell.2009.10.027
https://doi.org/10.1038/s41598-017-08517-6
https://doi.org/10.1038/s41598-017-08517-6
https://doi.org/10.1016/j.cell.2013.02.051
https://doi.org/10.1016/j.cell.2013.02.051
https://doi.org/10.1152/ajplung.00300.2014
https://doi.org/10.1152/ajplung.00300.2014
https://doi.org/10.3390/cancers9070082


Broders-Bondon et al. 

Mechanotransduction in tumor progression

Journal of Cell Biology

https://doi.org/10.1083/jcb.201701039

1585

cell positioning and fate specification. Nature. 536:344–348. https:// doi 
.org/ 10 .1038/ nature18958

Makale, M. 2007. Cellular mechanobiology and cancer metastasis. Birth Defects 
Res. C Embryo Today. 81:329–343. https:// doi .org/ 10 .1002/ bdrc .20110

Mammoto, T., and D.E. Ingber. 2010. Mechanical control of tissue and organ 
development. Development. 137:1407–1420. https:// doi .org/ 10 .1242/ dev 
.024166

Mammoto, A., K.M. Connor, T. Mammoto, C.W. Yung, D. Huh, C.M. Aderman, 
G. Mostoslavsky, L.E. Smith, and D.E. Ingber. 2009. A mechanosensi-
tive transcriptional mechanism that controls angiogenesis. Nature. 
457:1103–1108. https:// doi .org/ 10 .1038/ nature07765

Margadant, F., L.L. Chew, X. Hu, H. Yu, N. Bate, X. Zhang, and M. Sheetz. 
2011. Mechanotransduction in vivo by repeated talin stretch-relaxation 
events depends upon vinculin. PLoS Biol. 9:e1001223. https:// doi .org/ 10 
.1371/ journal .pbio .1001223

Marjoram, R.J., C. Guilluy, and K. Burridge. 2016. Using magnets and mag-
netic beads to dissect signaling pathways activated by mechanical ten-
sion applied to cells. Methods. 94:19–26. https:// doi .org/ 10 .1016/ j .ymeth 
.2015 .09 .025

Martz, E., and M.S. Steinberg. 1972. The role of cell-cell contact in “contact” 
inhibition of cell division: a review and new evidence. J. Cell. Physiol. 
79:189–210. https:// doi .org/ 10 .1002/ jcp .1040790205

McBeath, R., D.M. Pirone, C.M. Nelson, K. Bhadriraju, and C.S. Chen. 2004. 
Cell shape, cytoskeletal tension, and RhoA regulate stem cell lineage 
commitment. Dev. Cell. 6:483–495. https:// doi .org/ 10 .1016/ S1534 
-5807(04)00075 -9

Michael Delaine-Smith, R., B. Javaheri, J. Helen Edwards, M. Vazquez, and 
R.M. Rumney. 2015. Preclinical models for in vitro mechanical loading of 
bone-derived cells. Bonekey Rep. 4:728. https:// doi .org/ 10 .1038/ bonekey 
.2015 .97

Miroshnikova, Y.A., G.I. Rozenberg, L. Cassereau, M. Pickup, J.K. Mouw, G. Ou, 
K.L. Templeman, E.I. Hannachi, K.J. Gooch, A.L. Sarang-Sieminski, et al. 
2017. α5β1-Integrin promotes tension-dependent mammary epithelial 
cell invasion by engaging the fibronectin synergy site. Mol. Biol. Cell. 
28:2958–2977. https:// doi .org/ 10 .1091/ mbc .E17 -02 -0126

Mitra, S.K., and D.D. Schlaepfer. 2006. Integrin-regulated FAK-Src signaling 
in normal and cancer cells. Curr. Opin. Cell Biol. 18:516–523. https:// doi 
.org/ 10 .1016/ j .ceb .2006 .08 .011

Mitrossilis, D., J.C. Röper, D. Le Roy, B. Driquez, A. Michel, C. Ménager, G. Shaw, 
S. Le Denmat, L. Ranno, F. Dumas-Bouchiat, et al. 2017. Mechanotrans-
ductive cascade of Myo-II-dependent mesoderm and endoderm invagi-
nations in embryo gastrulation. Nat. Commun. 8:13883. https:// doi .org/ 
10 .1038/ ncomms13883

Monier, B., M. Gettings, G. Gay, T. Mangeat, S. Schott, A. Guarner, and M. 
Suzanne. 2015. Apico-basal forces exerted by apoptotic cells drive 
epithelium folding. Nature. 518:245–248. https:// doi .org/ 10 .1038/ 
nature14152

Mouw, J.K., Y. Yui, L. Damiano, R.O. Bainer, J.N. Lakins, I. Acerbi, G. Ou, A.C. 
Wijekoon, K.R. Levental, P.M. Gilbert, et al. 2014. Tissue mechanics 
modulate microRNA-dependent PTEN expression to regulate malignant 
progression. Nat. Med. 20:360–367. https:// doi .org/ 10 .1038/ nm .3497

Nakache, M., and H.E. Gaub. 1988. Hydrodynamic hyperpolarization of endo-
thelial cells. Proc. Natl. Acad. Sci. USA. 85:1841–1843. https:// doi .org/ 10 
.1073/ pnas .85 .6 .1841

Nakajima, H., K. Yamamoto, S. Agarwala, K. Terai, H. Fukui, S. Fukuhara, K. 
Ando, T. Miyazaki, Y. Yokota, E. Schmelzer, et al. 2017. Flow-dependent 
endothelial YAP regulation contributes to vessel maintenance. Dev. Cell. 
40:523–536.

Nilsson, M., H. Adamo, A. Bergh, and S. Halin Bergström. 2016. Inhibition 
of lysyl oxidase and lysyl oxidase-like enzymes has tumour-promoting 
and tumour-suppressing roles in experimental prostate cancer. Sci. Rep. 
6:19608. https:// doi .org/ 10 .1038/ srep19608

Olive, K.P., M.A. Jacobetz, C.J. Davidson, A. Gopinathan, D. McIntyre, D. 
Honess, B. Madhu, M.A. Goldgraben, M.E. Caldwell, D. Allard, et al. 
2009. Inhibition of Hedgehog signaling enhances delivery of chemo-
therapy in a mouse model of pancreatic cancer. Science. 324:1457–1461. 
https:// doi .org/ 10 .1126/ science .1171362

Ortiz Franyuti, D., M. Mitsi, and V. Vogel. 2018. Mechanical stretching of 
fibronectin fibers upregulates binding of interleukin-7. Nano Lett. 
18:15–25.

Pankova, D., Y. Chen, M. Terajima, M.J. Schliekelman, B.N. Baird, M. Fahren-
holtz, L. Sun, B.J. Gill, T.J. Vadakkan, M.P. Kim, et al. 2016. Cancer-asso-
ciated fibroblasts induce a collagen cross-link switch in tumor stroma. 

Mol. Cancer Res. 14:287–295. https:// doi .org/ 10 .1158/ 1541 -7786 .MCR -15 
-0307

Park, C.C., H. Zhang, M. Pallavicini, J.W. Gray, F. Baehner, C.J. Park, and M.J. 
Bissell. 2006. Beta1 integrin inhibitory antibody induces apoptosis of 
breast cancer cells, inhibits growth, and distinguishes malignant from 
normal phenotype in three dimensional cultures and in vivo. Cancer Res. 
66:1526–1535. https:// doi .org/ 10 .1158/ 0008 -5472 .CAN -05 -3071

Paszek, M.J., and V.M. Weaver. 2004. The tension mounts: Mechanics meets 
morphogenesis and malignancy. J. Mammary Gland Biol. Neoplasia. 
9:325–342. https:// doi .org/ 10 .1007/ s10911 -004 -1404 -x

Paszek, M.J., N. Zahir, K.R. Johnson, J.N. Lakins, G.I. Rozenberg, A. Gefen, C.A. 
Reinhart-King, S.S. Margulies, M. Dembo, D. Boettiger, et al. 2005. Ten-
sional homeostasis and the malignant phenotype. Cancer Cell. 8:241–254. 
https:// doi .org/ 10 .1016/ j .ccr .2005 .08 .010

Pennacchietti, S., P. Michieli, M. Galluzzo, M. Mazzone, S. Giordano, and P.M. 
Comoglio. 2003. Hypoxia promotes invasive growth by transcriptional 
activation of the met protooncogene. Cancer Cell. 3:347–361. https:// doi 
.org/ 10 .1016/ S1535 -6108(03)00085 -0

Pfeifer, C.R., C.M. Alvey, J. Irianto, and D.E. Discher. 2017. Genome variation 
across cancers scales with tissue stiffness - An invasion-mutation mech-
anism and implications for immune cell infiltration. Curr. Opin. Syst. 
Biol. 2:103–114. https:// doi .org/ 10 .1016/ j .coisb .2017 .04 .005

Picco, N., E. Sahai, P.K. Maini, and A.R.A. Anderson. 2017. Integrating models 
to quantify environment-mediated drug resistance. Cancer Res. 77:5409–
5418. https:// doi .org/ 10 .1158/ 0008 -5472 .CAN -17 -0835

Porazinski, S., H. Wang, Y. Asaoka, M. Behrndt, T. Miyamoto, H. Morita, S. 
Hata, T. Sasaki, S.F.G. Krens, Y. Osada, et al. 2015. YAP is essential for 
tissue tension to ensure vertebrate 3D body shape. Nature. 521:217–221. 
https:// doi .org/ 10 .1038/ nature14215

Pouille, P.A., P. Ahmadi, A.C. Brunet, and E. Farge. 2009. Mechanical signals 
trigger Myosin II redistribution and mesoderm invagination in Dro-
sophila embryos. Sci. Signal. 2:ra16. https:// doi .org/ 10 .1126/ scisignal 
.2000098

Provenzano, P.P., D.R. Inman, K.W. Eliceiri, and P.J. Keely. 2009. Matrix densi-
ty-induced mechanoregulation of breast cell phenotype, signaling and 
gene expression through a FAK-ERK linkage. Oncogene. 28:4326–4343. 
https:// doi .org/ 10 .1038/ onc .2009 .299

Provenzano, P.P., C. Cuevas, A.E. Chang, V.K. Goel, D.D. Von Hoff, and S.R. 
Hingorani. 2012. Enzymatic targeting of the stroma ablates physical 
barriers to treatment of pancreatic ductal adenocarcinoma. Cancer Cell. 
21:418–429. https:// doi .org/ 10 .1016/ j .ccr .2012 .01 .007

Qiu, M.K., S.Q. Wang, C. Pan, Y. Wang, Z.W. Quan, Y.B. Liu, and J.M. Ou. 2017. 
ROCK inhibition as a potential therapeutic target involved in apoptosis 
in hemangioma. Oncol. Rep. 37:2987–2993. https:// doi .org/ 10 .3892/ or 
.2017 .5515

Rak, R., R. Haklai, G. Elad-Tzfadia, H.J. Wolfson, S. Carmeli, and Y. Kloog. 2014. 
Novel LIMK2 inhibitor blocks Panc-1 tumor growth in a mouse xenograft 
model. Oncoscience. 1:39–48. https:// doi .org/ 10 .18632/ oncoscience .7

Rauch, C., A.C. Brunet, J. Deleule, and E. Farge. 2002. C2C12 myoblast/osteo-
blast transdifferentiation steps enhanced by epigenetic inhibition of 
BMP2 endocytosis. Am. J. Physiol. Cell Physiol. 283:C235–C243. https:// 
doi .org/ 10 .1152/ ajpcell .00234 .2001

Rosivatz, E., I. Becker, K. Specht, E. Fricke, B. Luber, R. Busch, H. Höfler, and 
K.F. Becker. 2002. Differential expression of the epithelial-mesenchy-
mal transition regulators snail, SIP1, and twist in gastric cancer. Am. J. 
Pathol. 161:1881–1891. https:// doi .org/ 10 .1016/ S0002 -9440(10)64464 -1

Rudnev, V.S., L.N. Ermishkin, L.A. Fonina, and Rovin YuG. 1981. The depen-
dence of the conductance and lifetime of gramicidin channels on the 
thickness and tension of lipid bilayers. Biochim. Biophys. Acta. 642:196–
202. https:// doi .org/ 10 .1016/ 0005 -2736(81)90149 -8

Runge, J., T.E. Reichert, A. Fritsch, J. Käs, J. Bertolini, and T.W. Remmerbach. 
2014. Evaluation of single-cell biomechanics as potential marker for oral 
squamous cell carcinomas: A pilot study. Oral Dis. 20:e120–e127. https:// 
doi .org/ 10 .1111/ odi .12171

Saarinen, I., T. Mirtti, H. Seikkula, P.J. Boström, and P. Taimen. 2015. Differ-
ential predictive roles of A- and B-type nuclear lamins in prostate can-
cer progression. PLoS One. 10:e0140671. https:// doi .org/ 10 .1371/ journal 
.pone .0140671

Sakthivel, K.M., and P. Sehgal. 2016. A novel role of lamins from genetic dis-
ease to cancer biomarkers. Oncol. Rev. 10:309. https:// doi .org/ 10 .4081/ 
oncol .2016 .309

Samuel, M.S., J.I. Lopez, E.J. McGhee, D.R. Croft, D. Strachan, P. Timpson, J. 
Munro, E. Schröder, J. Zhou, V.G. Brunton, et al. 2011. Actomyosin-me-
diated cellular tension drives increased tissue stiffness and β-catenin 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/jc

b
/a

rtic
le

-p
d
f/2

1
7
/5

/1
5
7
1
/1

3
7
6
8
0
8
/jc

b
_
2
0
1
7
0
1
0
3
9
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2

https://doi.org/10.1038/nature18958
https://doi.org/10.1038/nature18958
https://doi.org/10.1002/bdrc.20110
https://doi.org/10.1242/dev.024166
https://doi.org/10.1242/dev.024166
https://doi.org/10.1038/nature07765
https://doi.org/10.1371/journal.pbio.1001223
https://doi.org/10.1371/journal.pbio.1001223
https://doi.org/10.1016/j.ymeth.2015.09.025
https://doi.org/10.1016/j.ymeth.2015.09.025
https://doi.org/10.1002/jcp.1040790205
https://doi.org/10.1016/S1534-5807(04)00075-9
https://doi.org/10.1016/S1534-5807(04)00075-9
https://doi.org/10.1038/bonekey.2015.97
https://doi.org/10.1038/bonekey.2015.97
https://doi.org/10.1091/mbc.E17-02-0126
https://doi.org/10.1016/j.ceb.2006.08.011
https://doi.org/10.1016/j.ceb.2006.08.011
https://doi.org/10.1038/ncomms13883
https://doi.org/10.1038/ncomms13883
https://doi.org/10.1038/nature14152
https://doi.org/10.1038/nature14152
https://doi.org/10.1038/nm.3497
https://doi.org/10.1073/pnas.85.6.1841
https://doi.org/10.1073/pnas.85.6.1841
https://doi.org/10.1038/srep19608
https://doi.org/10.1126/science.1171362
https://doi.org/10.1158/1541-7786.MCR-15-0307
https://doi.org/10.1158/1541-7786.MCR-15-0307
https://doi.org/10.1158/0008-5472.CAN-05-3071
https://doi.org/10.1007/s10911-004-1404-x
https://doi.org/10.1016/j.ccr.2005.08.010
https://doi.org/10.1016/S1535-6108(03)00085-0
https://doi.org/10.1016/S1535-6108(03)00085-0
https://doi.org/10.1016/j.coisb.2017.04.005
https://doi.org/10.1158/0008-5472.CAN-17-0835
https://doi.org/10.1038/nature14215
https://doi.org/10.1126/scisignal.2000098
https://doi.org/10.1126/scisignal.2000098
https://doi.org/10.1038/onc.2009.299
https://doi.org/10.1016/j.ccr.2012.01.007
https://doi.org/10.3892/or.2017.5515
https://doi.org/10.3892/or.2017.5515
https://doi.org/10.18632/oncoscience.7
https://doi.org/10.1152/ajpcell.00234.2001
https://doi.org/10.1152/ajpcell.00234.2001
https://doi.org/10.1016/S0002-9440(10)64464-1
https://doi.org/10.1016/0005-2736(81)90149-8
https://doi.org/10.1111/odi.12171
https://doi.org/10.1111/odi.12171
https://doi.org/10.1371/journal.pone.0140671
https://doi.org/10.1371/journal.pone.0140671
https://doi.org/10.4081/oncol.2016.309
https://doi.org/10.4081/oncol.2016.309


Broders-Bondon et al. 

Mechanotransduction in tumor progression

Journal of Cell Biology

https://doi.org/10.1083/jcb.201701039

1586

activation to induce epidermal hyperplasia and tumor growth. Cancer 
Cell. 19:776–791. https:// doi .org/ 10 .1016/ j .ccr .2011 .05 .008

Santos, N.C., and M.A. Castanho. 2004. An overview of the biophysical 
applications of atomic force microscopy. Biophys. Chem. 107:133–149.  
https:// doi .org/ 10 .1016/ j .bpc .2003 .09 .001

Sawada, Y., M. Tamada, B.J. Dubin-Thaler, O. Cherniavskaya, R. Sakai, S. 
Tanaka, and M.P. Sheetz. 2006. Force sensing by mechanical extension 
of the Src family kinase substrate p130Cas. Cell. 127:1015–1026. https:// 
doi .org/ 10 .1016/ j .cell .2006 .09 .044

Schweller, R.M., Z.J. Wu, B. Klitzman, and J.L. West. 2017. Stiffness of protease 
sensitive and cell adhesive PEG hydrogels promotes neovascularization 
in vivo. Ann. Biomed. Eng. 45:1387–1398. https:// doi .org/ 10 .1007/ s10439 
-017 -1822 -8

Serwane, F., A. Mongera, P. Rowghanian, D.A. Kealhofer, A.A. Lucio, Z.M. 
Hockenbery, and O. Campàs. 2017. In vivo quantification of spatially 
varying mechanical properties in developing tissues. Nat. Methods. 
14:181–186. https:// doi .org/ 10 .1038/ nmeth .4101

Shieh, A.C., H.A. Rozansky, B. Hinz, and M.A. Swartz. 2011. Tumor cell inva-
sion is promoted by interstitial flow-induced matrix priming by stromal 
fibroblasts. Cancer Res. 71:790–800. https:// doi .org/ 10 .1158/ 0008 -5472 
.CAN -10 -1513

Shirure, V.S., A. Lezia, A. Tao, L.F. Alonzo, and S.C. George. 2017. Low levels of 
physiological interstitial flow eliminate morphogen gradients and guide 
angiogenesis. Angiogenesis. 20:493–504. https:// doi .org/ 10 .1007/ s10456 
-017 -9559 -4

Shraiman, B.I. 2005. Mechanical feedback as a possible regulator of tissue 
growth. Proc. Natl. Acad. Sci. USA. 102:3318–3323. https:// doi .org/ 10 
.1073/ pnas .0404782102

Siedlik, M.J., V.D. Varner, and C.M. Nelson. 2016. Pushing, pulling, and squeez-
ing our way to understanding mechanotransduction. Methods. 94:4–12. 
https:// doi .org/ 10 .1016/ j .ymeth .2015 .08 .019

Simon, D.N., M.S. Zastrow, and K.L. Wilson. 2010. Direct actin binding to A- 
and B-type lamin tails and actin filament bundling by the lamin A tail. 
Nucleus. 1:264–272. https:// doi .org/ 10 .4161/ nucl .11799

Sinha, B., D. Köster, R. Ruez, P. Gonnord, M. Bastiani, D. Abankwa, R.V. Stan, 
G. Butler-Browne, B. Vedie, L. Johannes, et al. 2011. Cells respond to 
mechanical stress by rapid disassembly of caveolae. Cell. 144:402–413. 
https:// doi .org/ 10 .1016/ j .cell .2010 .12 .031

Smith, M.L., D. Gourdon, W.C. Little, K.E. Kubow, R.A. Eguiluz, S. Luna-Mor-
ris, and V. Vogel. 2007. Force-induced unfolding of fibronectin in the 
extracellular matrix of living cells. PLoS Biol. 5:e268. https:// doi .org/ 10 
.1371/ journal .pbio .0050268

Soares, J.S., W. Zhang, and M.S. Sacks. 2017. A mathematical model for the 
determination of forming tissue moduli in needled-nonwoven scaffolds. 
Acta Biomater. 51:220–236. https:// doi .org/ 10 .1016/ j .actbio .2016 .12 .038

Song, F., D. Jiang, T. Wang, Y. Wang, Y. Lou, Y. Zhang, H. Ma, and Y. Kang. 
2017. Mechanical stress regulates osteogenesis and adipogenesis of rat 
mesenchymal stem cells through PI3K/Akt/GSK-3β/β-catenin signaling 
pathway. BioMed Res. Int. 2017:6027402. https:// doi .org/ 10 .1155/ 2017/ 
6027402

Steed, E., N. Faggianelli, S. Roth, C. Ramspacher, J.P. Concordet, and J. Vermot. 
2016. klf2a couples mechanotransduction and zebrafish valve morpho-
genesis through fibronectin synthesis. Nat. Commun. 7:11646. https:// doi 
.org/ 10 .1038/ ncomms11646

Stephens, A.D., E.J. Banigan, and J.F. Marko. 2017. Separate roles for chromatin 
and lamins in nuclear mechanics. Nucleus. 9:119–124.

Sugden, W.W., R. Meissner, T. Aegerter-Wilmsen, R. Tsaryk, E.V. Leonard, 
J. Bussmann, M.J. Hamm, W. Herzog, Y. Jin, L. Jakobsson, et al. 2017. 
Endoglin controls blood vessel diameter through endothelial cell shape 
changes in response to haemodynamic cues. Nat. Cell Biol. 19:653–665. 
https:// doi .org/ 10 .1038/ ncb3528

Sunyer, R., V. Conte, J. Escribano, A. Elosegui-Artola, A. Labernadie, L. Valon, 
D. Navajas, J.M. García-Aznar, J.J. Muñoz, P. Roca-Cusachs, and X. Trepat. 
2016. Collective cell durotaxis emerges from long-range intercellu-
lar force transmission. Science. 353:1157–1161. https:// doi .org/ 10 .1126/ 
science .aaf7119

Swift, J., and D.E. Discher. 2014. The nuclear lamina is mechano-responsive 
to ECM elasticity in mature tissue. J. Cell Sci. 127:3005–3015. https:// doi 
.org/ 10 .1242/ jcs .149203

Swift, J., I.L. Ivanovska, A. Buxboim, T. Harada, P.C. Dingal, J. Pinter, J.D. Paje-
rowski, K.R. Spinler, J.W. Shin, M. Tewari, et al. 2013. Nuclear lamin-A 

scales with tissue stiffness and enhances matrix-directed differentia-
tion. Science. 341:1240104. https:// doi .org/ 10 .1126/ science .1240104

Tan, J.L., J. Tien, D.M. Pirone, D.S. Gray, K. Bhadriraju, and C.S. Chen. 2003. 
Cells lying on a bed of microneedles: An approach to isolate mechanical 
force. Proc. Natl. Acad. Sci. USA. 100:1484–1489. https:// doi .org/ 10 .1073/ 
pnas .0235407100

Tan, Y., A. Tajik, J. Chen, Q. Jia, F. Chowdhury, L. Wang, J. Chen, S. Zhang, 
Y. Hong, H. Yi, et al. 2014. Matrix softness regulates plasticity of 
tumour-repopulating cells via H3K9 demethylation and Sox2 expres-
sion. Nat. Commun. 5:4619. https:// doi .org/ 10 .1038/ ncomms5619

Tang, X., T.B. Kuhlenschmidt, Q. Li, S. Ali, S. Lezmi, H. Chen, M. Pires-Alves, 
W.W. Laegreid, T.A. Saif, and M.S. Kuhlenschmidt. 2014. A mechani-
cally-induced colon cancer cell population shows increased metastatic 
potential. Mol. Cancer. 13:131. https:// doi .org/ 10 .1186/ 1476 -4598 -13 -131

Tello, M., C. Spenlé, J. Hemmerlé, L. Mercier, R. Fabre, G. Allio, P. Simon-Ass-
mann, and J.G. Goetz. 2016. Generating and characterizing the mechan-
ical properties of cell-derived matrices using atomic force microscopy. 
Methods. 94:85–100. https:// doi .org/ 10 .1016/ j .ymeth .2015 .09 .012

Thoppil, R.J., H.C. Cappelli, R.K. Adapala, A.K. Kanugula, S. Paruchuri, and 
C.K. Thodeti. 2016. TRPV4 channels regulate tumor angiogenesis via 
modulation of Rho/Rho kinase pathway. Oncotarget. 7:25849–25861. 
https:// doi .org/ 10 .18632/ oncotarget .8405

Toullec, A., D. Gerald, G. Despouy, B. Bourachot, M. Cardon, S. Lefort, M. Rich-
ardson, G. Rigaill, M.C. Parrini, C. Lucchesi, et al. 2010. Oxidative stress 
promotes myofibroblast differentiation and tumour spreading. EMBO 
Mol. Med. 2:211–230. https:// doi .org/ 10 .1002/ emmm .201000073

Trappmann, B., B.M. Baker, W.J. Polacheck, C.K. Choi, J.A. Burdick, and C.S. Chen. 
2017. Matrix degradability controls multicellularity of 3D cell migration. 
Nat. Commun. 8:371. https:// doi .org/ 10 .1038/ s41467 -017 -00418 -6

Tzima, E., M. Irani-Tehrani, W.B. Kiosses, E. Dejana, D.A. Schultz, B. Engel-
hardt, G. Cao, H. DeLisser, and M.A. Schwartz. 2005. A mechanosensory 
complex that mediates the endothelial cell response to fluid shear stress. 
Nature. 437:426–431. https:// doi .org/ 10 .1038/ nature03952

Ukena, T.E., E. Goldman, T.L. Benjamin, and M.J. Karnovsky. 1976. Lack of 
correlation between agglutinability, the surface distribution of con A 
and post-confluence inhibition of cell division in ten cell lines. Cell. 
7:213–222. https:// doi .org/ 10 .1016/ 0092 -8674(76)90020 -9

Vuong-Brender, T.T., M. Ben Amar, J. Pontabry, and M. Labouesse. 2017. The 
interplay of stiffness and force anisotropies drives embryo elongation. 
Elife. 6:e23866. https:// doi .org/ 10 .7554/ eLife .23866

Wang, N., and D.E. Ingber. 1995. Probing transmembrane mechanical cou-
pling and cytomechanics using magnetic twisting cytometry. Biochem. 
Cell Biol. 73:327–335.

Wang, H.B., M. Dembo, and Y.L. Wang. 2000. Substrate flexibility regulates 
growth and apoptosis of normal but not transformed cells. Am. J. Physiol. Cell 
Physiol. 279:C1345–C1350. https:// doi .org/ 10 .1152/ ajpcell .2000 .279 .5 .C1345

Wang, H., Z. Sun, Y. Wang, Z. Hu, H. Zhou, L. Zhang, B. Hong, S. Zhang, and 
X. Cao. 2016. miR-33-5p, a novel mechano-sensitive microRNA pro-
motes osteoblast differentiation by targeting Hmga2. Sci. Rep. 6:23170.  
https:// doi .org/ 10 .1038/ srep23170

Wang, N., J.D. Tytell, and D.E. Ingber. 2009. Mechanotransduction at a dis-
tance: mechanically coupling the extracellular matrix with the nucleus. 
Nat. Rev. Mol. Cell Biol. 10:75–82. https:// doi .org/ 10 .1038/ nrm2594

Weaver, V.M., A.H. Fischer, O.W. Peterson, and M.J. Bissell. 1996. The impor-
tance of the microenvironment in breast cancer progression: recapit-
ulation of mammary tumorigenesis using a unique human mammary 
epithelial cell model and a three-dimensional culture assay. Biochem. Cell 
Biol. 74:833–851.

Weaver, V.M., O.W. Petersen, F. Wang, C.A. Larabell, P. Briand, C. Damsky, and 
M.J. Bissell. 1997. Reversion of the malignant phenotype of human breast 
cells in three-dimensional culture and in vivo by integrin blocking anti-
bodies. J. Cell Biol. 137:231–245. https:// doi .org/ 10 .1083/ jcb .137 .1 .231

Wei, S.C., L. Fattet, J.H. Tsai, Y. Guo, V.H. Pai, H.E. Majeski, A.C. Chen, R.L. Sah, 
S.S. Taylor, A.J. Engler, and J. Yang. 2015. Matrix stiffness drives epi-
thelial-mesenchymal transition and tumour metastasis through a TWI 
ST1-G3BP2 mechanotransduction pathway. Nat. Cell Biol. 17:678–688.  
https:// doi .org/ 10 .1038/ ncb3157

Whitehead, J., D. Vignjevic, C. Fütterer, E. Beaurepaire, S. Robine, and E. 
Farge. 2008. Mechanical factors activate β-catenin-dependent oncogene 
expression in APC mouse colon. HFSP J. 2:286–294. https:// doi .org/ 10 
.2976/ 1 .2955566

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/jc

b
/a

rtic
le

-p
d
f/2

1
7
/5

/1
5
7
1
/1

3
7
6
8
0
8
/jc

b
_
2
0
1
7
0
1
0
3
9
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2

https://doi.org/10.1016/j.ccr.2011.05.008
https://doi.org/10.1016/j.bpc.2003.09.001
https://doi.org/10.1016/j.cell.2006.09.044
https://doi.org/10.1016/j.cell.2006.09.044
https://doi.org/10.1007/s10439-017-1822-8
https://doi.org/10.1007/s10439-017-1822-8
https://doi.org/10.1038/nmeth.4101
https://doi.org/10.1158/0008-5472.CAN-10-1513
https://doi.org/10.1158/0008-5472.CAN-10-1513
https://doi.org/10.1007/s10456-017-9559-4
https://doi.org/10.1007/s10456-017-9559-4
https://doi.org/10.1073/pnas.0404782102
https://doi.org/10.1073/pnas.0404782102
https://doi.org/10.1016/j.ymeth.2015.08.019
https://doi.org/10.4161/nucl.11799
https://doi.org/10.1016/j.cell.2010.12.031
https://doi.org/10.1371/journal.pbio.0050268
https://doi.org/10.1371/journal.pbio.0050268
https://doi.org/10.1016/j.actbio.2016.12.038
https://doi.org/10.1155/2017/6027402
https://doi.org/10.1155/2017/6027402
https://doi.org/10.1038/ncomms11646
https://doi.org/10.1038/ncomms11646
https://doi.org/10.1038/ncb3528
https://doi.org/10.1126/science.aaf7119
https://doi.org/10.1126/science.aaf7119
https://doi.org/10.1242/jcs.149203
https://doi.org/10.1242/jcs.149203
https://doi.org/10.1126/science.1240104
https://doi.org/10.1073/pnas.0235407100
https://doi.org/10.1073/pnas.0235407100
https://doi.org/10.1038/ncomms5619
https://doi.org/10.1186/1476-4598-13-131
https://doi.org/10.1016/j.ymeth.2015.09.012
https://doi.org/10.18632/oncotarget.8405
https://doi.org/10.1002/emmm.201000073
https://doi.org/10.1038/s41467-017-00418-6
https://doi.org/10.1038/nature03952
https://doi.org/10.1016/0092-8674(76)90020-9
https://doi.org/10.7554/eLife.23866
https://doi.org/10.1152/ajpcell.2000.279.5.C1345
https://doi.org/10.1038/srep23170
https://doi.org/10.1038/nrm2594
https://doi.org/10.1083/jcb.137.1.231
https://doi.org/10.1038/ncb3157
https://doi.org/10.2976/1.2955566
https://doi.org/10.2976/1.2955566


Broders-Bondon et al. 

Mechanotransduction in tumor progression

Journal of Cell Biology

https://doi.org/10.1083/jcb.201701039

1587

Wolf, K., M. Te Lindert, M. Krause, S. Alexander, J. Te Riet, A.L. Willis, R.M. 
Hoffman, C.G. Figdor, S.J. Weiss, and P. Friedl. 2013. Physical limits of cell 
migration: Control by ECM space and nuclear deformation and tuning 
by proteolysis and traction force. J. Cell Biol. 201:1069–1084. https:// doi 
.org/ 10 .1083/ jcb .201210152

Wong, S.Y., T.A. Ulrich, L.P. Deleyrolle, J.L. MacKay, J.M. Lin, R.T. Martuscello, 
M.A. Jundi, B.A. Reynolds, and S. Kumar. 2015. Constitutive activation of 
myosin-dependent contractility sensitizes glioma tumor-initiating cells 
to mechanical inputs and reduces tissue invasion. Cancer Res. 75:1113–
1122. https:// doi .org/ 10 .1158/ 0008 -5472 .CAN -13 -3426

Wozniak, M.A., and C.S. Chen. 2009. Mechanotransduction in develop-
ment: A growing role for contractility. Nat. Rev. Mol. Cell Biol. 10:34–43.  
https:// doi .org/ 10 .1038/ nrm2592

Wozniak, M.A., R. Desai, P.A. Solski, C.J. Der, and P.J. Keely. 2003. ROCK-gen-
erated contractility regulates breast epithelial cell differentiation in 
response to the physical properties of a three-dimensional collagen 
matrix. J. Cell Biol. 163:583–595. https:// doi .org/ 10 .1083/ jcb .200305010

Wu, S.K., A.K. Lagendijk, B.M. Hogan, G.A. Gomez, and A.S. Yap. 2015. Active 
contractility at E-cadherin junctions and its implications for cell extru-
sion in cancer. Cell Cycle. 14:315–322. https:// doi .org/ 10 .4161/ 15384101 
.2014 .989127

Yuan, Y., W. Zhong, G. Ma, B. Zhang, and H. Tian. 2015. Yes-associated protein 
regulates the growth of human non-small cell lung cancer in response 
to matrix stiffness. Mol. Med. Rep. 11:4267–4272. https:// doi .org/ 10 .3892/ 
mmr .2015 .3231

Zanconato, F., G. Battilana, M. Cordenonsi, and S. Piccolo. 2016. YAP/TAZ 
as therapeutic targets in cancer. Curr. Opin. Pharmacol. 29:26–33.  
https:// doi .org/ 10 .1016/ j .coph .2016 .05 .002

Zhang, B., X. Pan, G.P. Cobb, and T.A. Anderson. 2007. microRNAs as onco-
genes and tumor suppressors. Dev. Biol. 302:1–12. https:// doi .org/ 10 
.1016/ j .ydbio .2006 .08 .028

Zhang, H., F. Landmann, H. Zahreddine, D. Rodriguez, M. Koch, and M. 
Labouesse. 2011. A tension-induced mechanotransduction pathway pro-
motes epithelial morphogenesis. Nature. 471:99–103. https:// doi .org/ 10 
.1038/ nature09765

Zhao, B., X. Wei, W. Li, R.S. Udan, Q. Yang, J. Kim, J. Xie, T. Ikenoue, J. Yu, L. 
Li, et al. 2007. Inactivation of YAP oncoprotein by the Hippo pathway is 
involved in cell contact inhibition and tissue growth control. Genes Dev. 
21:2747–2761. https:// doi .org/ 10 .1101/ gad .1602907

Zhao, B., L. Li, L. Wang, C.Y. Wang, J. Yu, and K.L. Guan. 2012. Cell detachment 
activates the Hippo pathway via cytoskeleton reorganization to induce 
anoikis. Genes Dev. 26:54–68. https:// doi .org/ 10 .1101/ gad .173435 .111

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/jc

b
/a

rtic
le

-p
d
f/2

1
7
/5

/1
5
7
1
/1

3
7
6
8
0
8
/jc

b
_
2
0
1
7
0
1
0
3
9
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2

https://doi.org/10.1083/jcb.201210152
https://doi.org/10.1083/jcb.201210152
https://doi.org/10.1158/0008-5472.CAN-13-3426
https://doi.org/10.1038/nrm2592
https://doi.org/10.1083/jcb.200305010
https://doi.org/10.4161/15384101.2014.989127
https://doi.org/10.4161/15384101.2014.989127
https://doi.org/10.3892/mmr.2015.3231
https://doi.org/10.3892/mmr.2015.3231
https://doi.org/10.1016/j.coph.2016.05.002
https://doi.org/10.1016/j.ydbio.2006.08.028
https://doi.org/10.1016/j.ydbio.2006.08.028
https://doi.org/10.1038/nature09765
https://doi.org/10.1038/nature09765
https://doi.org/10.1101/gad.1602907
https://doi.org/10.1101/gad.173435.111

