
Tissue mechanics in stem cell fate, development and cancer

Mary-Kate Hayward1, Jonathon M. Muncie2, Valerie M. Weaver1,3,*

1Center for Bioengineering and Tissue Regeneration, Department of Surgery, University of 
California San Francisco, San Francisco, CA 94143, USA.

2Gladstone Institutes, San Francisco, CA 94158, USA.

3Department of Bioengineering and Therapeutic Sciences and Department of Radiation 
Oncology, Eli and Edythe Broad Center of Regeneration Medicine and Stem Cell Research, and 
The Helen Diller Family Comprehensive Cancer Center, University of California San Francisco, 
San Francisco, CA 94143, USA.

Abstract

Cells in tissues experience a plethora of forces that regulate their fate and modulate development 

and homeostasis. Cells sense mechanical cues through localized mechanoreceptors or by 

influencing cytoskeletal or plasma membrane organization. Cells translate force and modulate 

their behavior through a process termed mechanotransduction. Cells tune their tension upon 

exposure to chronic force by engaging cellular machinery that modulates actin tension, which 

in turn stimulates matrix remodeling and stiffening and alters cell-cell adhesions until cells 

achieve a state of tensional homeostasis. Loss of tensional homeostasis can be induced through 

oncogene activity and/or tissue fibrosis, and accompanies tumor progression and associates 

with increased cancer risk. The mechanical stresses that develop in tumors can also foster the 

mesenchymal-like transdifferentiation of cells to induce a stem-like phenotype that contributes 

to their aggression, metastatic dissemination, and treatment resistance. Thus, strategies that 

ameliorate tumor mechanics may comprise an effective strategy to prevent aggressive tumor 

behavior.

Introduction

Cells within tissues sense and integrate mechanical cues that regulate their fate and direct 

tissue-specific development. Such forces also play a critical role in maintaining tissue 

structure, function and homeostasis. The types of forces include tension, compression and 

shear stress (Box 1). These forces cross length scales, ranging from the tissue to the cellular 
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and subcellular level. At the tissue-level, such forces include the tensile stress urothelial 

cells experience in response to bladder filling (Merrill et al., 2016), the compression stress 

osteocytes within the bone endure following weight bearing (Qin et al., 2020), the shear 

stress endothelial cells within blood vessels experience in response to blood flow (Kutys 

and Chen, 2016) and the cyclic shear stress alveolar epithelial cells experience during 

breathing (Yang et al., 2020). Cellular-level forces include sound pressure wave-induced 

activation of ion channels in cochlear hair cells within the inner ear canal (Goutman, 

Elgoyhen and Gómez-Casati, 2015), compression stress exerted on luminal epithelial cells 

within the breast ducts by adjacent contracting myoepithelial cells (Adriance et al., 2005), 

and cell-cell forces cells exert against each other within developing expanding tissue masses 

(Bazellières et al., 2015). Cells within tissues also sense the viscoelastic properties of 

the extracellular matrix (ECM), as well as the material properties of neighboring cells, 

through specialized protein receptors, and respond to these physical properties by generating 

actomyosin-dependent tension. Cells respond to externally applied force through localized 

or diffuse mechanically responsive sensors that translate these cues into biochemical signals 

through an array of adaptor proteins and second messengers. In this review, we link these 

forces in directing stem cell behavior during development and tissue-specific differentiation. 

We review how dysregulation of tissue-level force increases risk to malignancy and 

promotes tumor progression, and can induce a stem-like phenotype in tumor cells to drive 

tumor aggression and treatment resistance. We summarize many of the key studies of tissue 

mechanics in stem cell fate, development and cancer (Table 1).

Mechanosensing and mechanotransduction

Cells have evolved mechanisms that permit them to sense force either through protein-

based mechanosensors or cytoskeletal and membrane-mediated molecular responses. Cells 

then translate these mechanical cues into biochemical signals that then elicit a biological 

response through a process termed mechanotransduction. Cells sense mechanical cues in 

multiple ways (Fig. 1a). For instance, ion channels such as Piezo1 and Piezo2, open 

in response to a variety of mechanical stimuli including stretch (Douguet and Honoré, 

2019). In other cases, key mechanosensing structures are cell-surface receptors that enable 

cell-ECM and cell-cell interactions, such as integrins in focal adhesions (Kechagia, Ivaska 

and Roca-Cusachs, 2019) and cadherins in adheren junctions (Angulo-Urarte, van der Wal 

and Huveneers, 2020). Both of these interactions are connected to the actin cytoskeleton, 

allowing transmission of mechanical cues between the cell exterior and interior. Starting 

at the cell exterior, the first elements that encounter biophysical cues are ECM molecules. 

For example, forces of 80–200 pN can extend fibronectin (FN)III domains, which contain 

integrin-binding sites (Oberhauser et al., 2002; Oberhauser et al., 1998). This is a form of 

mechanotransduction as mechanical stress exposes cryptic binding sites in these domains 

that facilitate integrin adhesion and promote further fibronectin fibrillogenesis (Sechler et 

al., 2001). Similarly, fibrinogen can also undergo unfolding under forces of ∼100 pN (Brown 

et al., 2007). Fibrinogen unfolding can activate its integrin receptor, macrophage-1 antigen 

(MAC1) to promote inflammatory pathways (Deng et al., 2011). Next, mechanosensors on 

the cell surface modulate their structure in response to these extracellular stresses or changes 

to ECM stiffness. In particular, integrins undergo conformational changes that shifts the 
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integrin from a folded-to-stretched state in response to a stiff ECM, in order to facilitate 

ligand binding (Fig. 1b) (Case and Waterman, 2015). Mechanical load may influence the 

lifetime of ECM-integrin adhesions. For instance, some integrins under increasing tensile 

force, such as αIIbβ3, exhibit slip-bond behavior in which bond lifetime is shortened, and 

occurs at unbinding forces of 50–100 pN (Litvinov et al., 2011). While others, such as 

α5β1, exhibit catch-bond behavior in which bond lifetime is prolonged, and occurs at forces 

of 10–30 pN (Kong et al., 2009; Roca-Cusachs et al., 2009). In this way, mechanosensors 

respond by adopting force-induced conformational changes that promote mechanically 

adhesive or signaling functions.

Cells next translate these physical cues into biochemical signals through an array of adaptor 

proteins and second messengers. In the context of integrins, initial activation and binding to 

the ECM may occur in a compliant matrix (soft ECM), leading to the formation of transient 

focal points where the intracellular domain of the integrin is loosely attached to the actin 

cytoskeleton. With increasing substrate rigidity (stiff ECM), integrin clustering initiates the 

recruitment of focal adhesion signaling molecules to trigger signaling cascades, and cells 

remodel their cytoskeleton in order to adjust reciprocal intracellular tension. Many proteins 

within integrin adhesions undergo mechanosensitive unfolding to promote the further growth 

and reinforcement of focal adhesions. For example, forces of 12 pN can unfold talin to 

reveal cryptic binding sites and cause vinculin binding (del Rio et al., 2009), which once 

bound to talin promotes the recruitment of intracellular plaque proteins at the cytoplasmic 

tail of the β-integrins and fosters the assembly of focal adhesions (Bays and DeMali, 2017). 

Other focal adhesion–associated proteins also exhibit force-induced conformational changes, 

such as p130Cas, which is extended by mechanical stress to reveal a domain that can be 

phosphorylated by SRC family kinases (Sawada et al., 2006). Multiple mechanisms then 

contribute to the regulation of downstream signaling pathways mediating the biological 

response to mechanical cues.

Cells then translate these mechanosignals into either a transient response or sustained 

cellular behavior (Fig. 1c). For example, in response to ECM rigidity, receptor tyrosine 

kinase (RTK) signaling to GTPase RAS enhances the activation of MAPKs including 

ERK to promote the proliferation and survival of lung (Chess, Toia and Finkelstein, 

2000) and mammary epithelial cells (MEC) (Paszek et al., 2005). Force-dependent integrin 

signaling also permits cells to rapidly respond to dynamic forces and modify their behavior 

accordingly. For instance, mechanically-activated ERK cooperates with other kinases, such 

as SRC and FAK, to induce cell proliferation or sustain cell survival (Chaturvedi, Marsh 

and Basson, 2007), as shown for MAPK-dependent growth of keratinocytes in response 

to mechanical stretch (Kippenberger et al., 2000), and the load-dependent survival of 

osteocytes (Plotkin et al., 2005). Cells can also generate sustained responses to mechanical 

stress by altering their gene expression. For example, high tensile stress can activate 

fibroblasts into ECM-producing and modifying cells, myofibroblasts, that remodel and 

stiffen the surrounding ECM (Piersma, Hayward and Weaver, 2020). The upregulation of 

ECM-related proteins can create a positive feedback mechanism whereby cells responding to 

mechanical force modify the composition, organization, and elasticity of their surrounding 

environment. This mechanism of mechanoreciprocity equips cells with the ability to adjust 

their behavior to correspond with the physical nature of the ECM.
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Force, embryogenesis and tissue development

Force and embryogenesis

Force directs cell state transitions that are critical for embryogenesis. Membrane tension, 

facilitated by protein complexes that connect the plasma membrane to the actin cytoskeleton, 

controls the first fate decision of pluripotent stem cells (PSCs) as they transition from naïve 

to primed pluripotency (Bergert et al., 2020; De Belly et al., 2020). Decreased membrane 

tension associated with cell spreading promotes endocytosis-mediated ERK signaling (De 

Belly et al., 2020), known to drive the transition from naïve to primed pluripotency in 

the mouse embryo (Nichols et al., 2009). Forces are also critical for driving the cell 

rearrangements necessary to facilitate growth and expansion of the early embryo. Extensive 

work in Drosophila has revealed that multicellular actomyosin cables sustain mechanical 

tension and mediate the formation of rosettes to drive axis elongation (Blankenship et al., 

2006; Fernandez-Gonzalez et al., 2009). In the mouse embryo, remodeling of the polar 

trophectoderm has been implicated in mechanically driving the rearrangement of epiblast 

cells that occurs during implantation (Weberling and Zernicka-Goetz, 2021). Together, these 

studies illustrate that forces regulate both the physical rearrangements of the early embryo 

and the molecular signaling events that govern pluripotent cell fate transitions.

As embryogenesis progresses, pluripotent epiblast cells undergo fate specification and 

physically segregate to form the three primary germ lineages during gastrulation. Atomic 

force microscopy (AFM) measurements of zebrafish germ layer progenitors revealed that 

differences in cortical tension and adhesive properties are responsible for segregation of 

the germ layers (Krieg et al., 2008). More recent studies have identified an evolutionarily 

conserved mechanism through which mechanical tension at adheren junctions promotes the 

release of β-catenin to stimulate mesoderm specification (Brunet et al., 2013; Röper et 

al., 2018; Muncie et al., 2020). Intriguingly, a tensile actomyosin ring is generated at the 

border of embryonic and extraembryonic tissues in avian embryos to drive the fluid tissue 

flows associated with gastrulation (Saadaoui et al., 2020). Taken together, these studies 

indicate that tensile forces may simultaneously regulate both cell fate specification and 

morphogenesis. In addition to cell-generated forces, the mechanical properties of the ECM 

also influence germ layer specification. Soft substrates (Elastic Modulus (E) = 102 Pa) prime 

human embryonic stem cells (hESCs) to undergo mesoderm specification by enhancing 

Wnt/β-catenin signaling and sequestering the transcriptional repressor Kaiso outside of the 

nucleus (Przybyla, Lakins and Weaver, 2016). Conversely, stiff substrates (E = 105 Pa) 

limit mesoderm specification by promoting β-catenin degradation and suppressing Wnt 

signaling. Looking forward, the emergence of a number of complementary model systems 

for studying gastrulation present new opportunities for exploring the role of force in early 

embryogenesis. Geometric confinement of hESCs on elastic substrates enables measurement 

and manipulation of the cell-cell and cell-ECM forces that regulate cell fate specification 

(Muncie et al., 2019; Muncie et al., 2020). Microfluidic control of cellular organization 

and signaling facilitates amnion development (Zheng et al., 2019), and may prove an ideal 

system for defining the mechanics of amniotic cavity formation. Unconfined aggregates of 

ESCs, termed gastruloids, recapitulate key features of gastrulation and somitogenesis, and 
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are likely to unveil critical roles for force and adhesion in the allocation and organization of 

germ layer progenitors subsequent to gastrulation (van den Brink et al., 2020).

Later in development, forces are responsible for sculpting tissue organization during 

organogenesis. During neurulation in vertebrates, tissue-level forces are necessary to fold the 

neural plate into the neural tube (Nikolopoulou et al., 2017). Intriguingly, as the neural tube 

closes, multipotent neural crest cells (NCCs) arise and separate from the neuroepithelium, 

yet it remains unclear whether the forces driving neural tube closure affect NCC 

differentiation or migratory capacity. Mechanical force is also critical for multiple aspects of 

cardiogenesis. Following formation of a linear heart tube, tissue-level forces mediate looping 

of the tube to properly position the future left and right heart chambers (Ramasubramanian 

et al., 2013). At the cellular level, heterogeneity in actomyosin contractility between 

neighboring cells leads to delamination and trabeculation of the myocardium (Priya et al., 

2020), a structural transformation that is essential for proper cardiac function. Moreover, 

there is direct feedback between the structure of the developing heart and its function. The 

onset of blood flow regulates cell morphology and chamber growth by modulating activity 

of the transcription factor Klf2a in the hemodynamic-sensitive endocardium (Dietrich et 

al., 2014). Mechanical forces also play an important role in adult stem cell maintenance 

and activation. In the muscle stem cell niche, secreted Wnt4 ligands stimulate actomyosin 

contractility via RhoA and YAP signaling to maintain quiescence (Eliazer et al., 2019). 

Similarly, the epithelial stem cells of the skin are mechanosensitive and rely on cell-cell and 

basement membrane interactions to maintain plasticity and ultimately carry out their barrier 

function (Gonzales and Fuchs, 2017). Thus, forces do not simply shape developing tissues 

and organs in a predetermined manner, rather, they serve as a critical and dynamic feedback 

mechanism that fosters the increasing complexity of the developing organism.

Force and tissue development

Force is essential for tissue-specific development. For example, mechanical stresses 

associated with blood flow; cyclic strain and fluid shear stress, are key factors that operate 

to shape the vascular tree and promote heart chamber maturation during development (Kutys 

and Chen, 2016). Interestingly, endothelial progenitor cells can be differentially directed 

toward endothelial lineages by shear stress and smooth muscle cell lineages by cyclic 

strain (Yamamoto et al., 2005; Shimizu et al., 2008). Similarly, fluid-filled luminal pressure 

promotes branching morphogenesis during lung development (Nelson et al., 2017). Not 

surprisingly, developmental defects that result in increased or decreased fluid-pressure in the 

luminal cavity can impair lung development, resulting in hyperplastic or hypoplastic lung 

branching, respectively (Blewett et al., 1996; Harding, Hooper and Han, 1993). These data 

highlight the role of mechanical stress in directing tissue-specific development.

Tissues possess a characteristic stiffness and each cell type within a tissue exhibits a unique 

rheology that can adapt as necessary to regulate its development and/or function, which may 

vary throughout its lifetime. For example, biophysical force from the stroma, along with 

hormonal and growth cues, directs the development and function of the mammary gland. 

During puberty, a branching morphogenesis program commences. In mouse mammary 

gland development, branching morphogenesis is characterized by the formation of large, 
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multi-layered branch tips called terminal end buds (TEBs) that extend into the stroma of 

the mammary fat pad (Fig. 2a). Mammary branches are thought to be created primarily 

via bifurcation of multi-layered epithelial tips or from side-branching off existing ducts 

(Fata, Werb and Bissell, 2004; Huebner and Ewald, 2014). These branching events are 

influenced by the surrounding stroma. Such that, collagen fibers in the mammary fat 

pad align proximal to the TEBs under RHO-mediated contractility, as a patterning cue 

for mammary branch orientation (Brownfield et al., 2013). Indeed, inhibition of RHO-

dependent cytoskeletal tension leads to defects in branching morphogenesis, and tissues 

exhibit a disruption to the myoepithelial cell layer that permits increased branching and 

poorly developed ductal elongation (Vargo-Gogola et al., 2006; Ewald et al., 2008). 

Branch initiation sites are regions of high ECM rigidity, predicted and measured by 

3D traction force microscopy (Gjorevski and Nelson, 2010). Branching at these sites is 

disrupted by inhibition of FAK, and subsequent branching depends on matrix stiffness 

and RHO-induced cell contractility (Gjorevski and Nelson, 2010). Importantly, much of 

our understanding of mammary gland branching morphogenesis has come from organoid 

models, due to the challenge of live imaging the mammary glands in vivo. Thereby, these 

behaviors were studied in the absence of the native tissue microenvironment, which is 

known to influence tissue-specific development. Such that, modulating the amount and 

composition of the ECM also modulates branching morphogenesis (Goodwin and Nelson, 

2020). For example, mammary ECM (mECM) isolated from adult mice and rats redirect 

testicular-derived cells to produce normal mammary epithelial trees within cleared mouse 

mammary fat pads. Conversely, ECM isolated from omental fat and lung fail to redirect 

testicular cells to a MEC fate, indicating the necessity of tissue specific components of the 

mECM (Bruno et al., 2017), demonstrating the importance of the native microenvironment 

for mammary gland development. Importantly, the microenvironment of the developing 

mammary gland is different between mice and humans, which raises the possibility that 

branching morphogenesis proceeds differently in each species (McNally and Stein, 2017). 

Thus, the pattern and magnitude of mechanical and spatial cues cooperate with biochemical 

signaling to direct tissue-specific development processes.

The composition, organization and biomechanical features of the extracellular stroma can 

also direct tissue-specific differentiation by modulating cell differentiation. For instance, 

mesenchymal stem cells (MSC) can be directed toward different lineages in response to 

the elasticity of their underlying matrix. Soft matrices promote adipogenic and neurogenic 

cell fates, whereas stiffer matrices favor the formation of myogenic and osteogenic lineages 

(Engler et al., 2006). However, cells are not passive responders to applied force, in fact 

they modulate their shape and behavior through molecular mechanisms that include RHO-

dependent actomyosin contractility. For example, MSCs are directed towards adipocyte or 

osteogenic fate depending on low or high RHO-mediated activity, respectively (McBeath 

et al., 2004). Furthermore, tuning substrate geometry (Kilian et al., 2010), topography 

(Abagnale et al., 2015), and viscoelasticity (Cameron, Frith and Cooper-White, 2011) direct 

MSC differentiation. Not surprisingly, the biomechanical properties of the ECM have also 

been implicated in inducing the stem-like phenotype of cells and has been leveraged to 

induce pluripotent stem (iPS) cells in culture. For instance, soft matrices have been used to 

favor the reprogramming of MSCs into iPS cells (Gerardo et al., 2019). Nevertheless, while 
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intriguing, further studies are needed to improve the mechanically-directed reprogramming 

efficiency of iPS cells before the clinical utility of this approach can be realized.

Force, tissue function and homeostasis

Force and tissue function

Force is essential for the function of differentiated tissues. For example, genetic diseases 

resulting in defective ECM synthesis of collagen in osteogenesis imperfecta, lowers bone 

rigidity and subsequently causes bone fragility (Vanleene et al., 2012). Mechanical force 

can adapt over the lifetime of a tissue; the mammary gland is an example of adaptive 

function in response to force, as it undergoes functional changes during pregnancy, lactation 

and involution (Fig. 2b-e). In these stages, MEC progenitors undergo differentiation, 

proliferation or apoptosis in response to stimuli, giving rise to significant remodeling of the 

epithelial tissue architecture and surrounding stroma (Inman et al., 2015). During lactation, 

the breast is subjected to compressive stress on the epithelium and basement membrane 

due to the accumulation of milk and distension of ducts, which is facilitated by the highly 

compliant, relaxed collagen matrix surrounding the differentiated acini. Upon suckling, the 

luminal epithelial cells encounter an inward projecting tensile stress as the myoepithelial 

cells contract in response to oxytocin, in order to expulse milk out of the alveolar sacs and 

into the ducts (Adriance et al., 2005). In the absence of the suckling stimulus, continued 

milk accumulation and gland distension exerts an outwardly projecting compressive force 

of increasing magnitude on the surrounding epithelium. With prolonged milk stasis, this 

compressive force eventually compromises the integrity of the tight junctions between 

luminal secretory alveolar cells (Stelwagen and Singh, 2014), and the gland undergoes 

involution accompanied by extensive remodeling of the cellular and extracellular stroma 

(Watson, 2006). The remodeled stroma consequently alters the signals and the force 

encountered by the MECs within the ducts and by so doing sets the stage for a subsequent 

round of epithelial proliferation and differentiation. For example, MECs form polarized 

acini with an endogenous basement membrane and differentiate in response to lactogenic 

hormones when embedded in a compliant matrix, but form invasive mesenchymal-like 

structures when grown in a stiffer matrix (Barcellos-Hoff et al., 1989; Paszek et al., 2005). 

Similarly, MECs fail to express one of the major milk proteins, β-casein, unless they interact 

with a compliant matrix (Li et al., 1987; Alcaraz et al., 2008). Thereby, force is essential for 

development and function of tissues.

Force and tissue homeostasis

Forces must be balanced in order to maintain adult tissue homeostasis. For instance, 

mechanical forces are crucial for the maintenance of force-producing and force-bearing 

tissues such as muscles and bones (Felsenthal and Zelzer, 2017). These tissues undergo 

remodeling in response to changing mechanical loads, such that extended periods of 

reduced mechanical loading in immobilization with unilateral lower limb suspension or 

in microgravity, result in loss of bone mineral density and consequently, bone strength 

(Rittweger et al., 2006; Lang et al., 2004). Accordingly, diseases such as osteoporosis 

and osteoarthritis have been linked to altered mechanoregulation of bone-remodeling cells. 

Moreover, mechanical loading associated with exercise leads to an increased proteoglycan 
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content in joint cartilage to maintain joint mobility (Bird et al., 2000). Conversely, a loss of 

proteoglycan content worsens osteoarthritis joint degeneration (Ni et al., 2016). In particular, 

mechanical stress induces the expression of the proteoglycan PRG4, or lubricin, (Ogawa et 

al., 2014), that may be a marker of joint cartilage progenitor cells that undergo expansion in 

response to mechanical loading (Kozhemyakina et al., 2015). The regulation of progenitor 

and multipotent stem cell populations in tissues is an essential mechanism by which tissues 

adapt to tensional homeostasis. Tissue rigidity directs the dynamic control of their self-

renewal and differentiation required to restore tissue structure and function. For instance, 

the self-renewal of muscle stem cells is maintained in vitro using substrates with a stiffness 

that mimic the elasticity of muscle, and only cells propagated in this manner contribute to 

muscle regeneration when subsequently transplanted into mice (Gilbert et al., 2010). In a 

different example, mechanical load-bearing strategies that simulate intrinsic mechanisms of 

bone tissue regeneration have been exploited to expedite stem cell–initiated bone healing 

(Ng et al., 2014).

Disruption of force homeostasis in cancer risk and aggression

Force in malignant transformation

Disruption of tensional homeostasis is associated with a broad range of pathological 

conditions, including neurological defects, inflammatory diseases, and tumorigenesis. 

Tumors are often associated with an increase in stiffness, as with breast and pancreatic 

cancer (~4kPa), raising the possibility that chronic disruption to tensional homeostasis may 

act as a precursor to malignant transformation. Indeed, pathologic conditions of chronically 

elevated stiffness such as cystic fibrosis and cirrhosis of the liver, which often present with 

extensive ECM accumulation, are associated with increased risk of malignancy (Neglia et 

al., 1995; Bataller and Brenner, 2005). Similarly, chronic pancreatitis, which is characterized 

by significant fibrosis, as well as age-associated liver fibrosis, elevates an individual’s 

overall risk for subsequent tumor formation (Bataller and Brenner, 2005; Raimondi et al., 

2010). Moreover, dense breast tissues are fibrotic, and display more abundant collagen that 

is more oriented, fibrillar and stiffer (Northey et al., 2020). Women with dense breasts have 

an increased lifetime risk for breast cancer development (Boyd et al., 2011). Moreover, these 

dense breast tissues also exhibit an increased pro-tumorigenic immune infiltrate (Huo et al., 

2018), raising the possibility that women with high mammographic density are predisposed 

to chronic inflammation that may account for their increased risk to malignancy. Such that, 

anti-inflammatory drugs have been shown to inhibit tumor progression in a murine model 

of pregnancy-associated breast cancer (O’Brien et al., 2011). While, tamoxifen treatment 

is an effective chemoprevention strategy that can reduce breast density, it has significant 

adverse side effects (Cuzick et al., 2011). This suggests that alternatives, such as the use 

of anti-inflammatory drugs to modulate breast density may prove an effective strategy for 

breast cancer prevention.

Aberrant ECM deposition may be done by other cell types, in addition to CAFs. For 

example, matrix deposited by adipose cells from obese mice induces mechanosignaling 

and nuclear localization of Yes-associated protein 1 (YAP1)/WW Domain Containing 

Transcription Regulator 1 (WWTR1; commonly referred to as TAZ) to enhance the 
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tumorigenesis of premalignant human breast epithelial cells (Seo et al., 2015). Moreover, 

obese adipose tissue produces a stiffer matrix compared with adipose tissue from non-obese 

animals. These data represent an intriguing area for further investigation given obesity as 

a well-known risk factor for cancer (Fukumura et al., 2016). A stiffened and crosslinked 

ECM also promotes the loss of polarity and invasion of mammary epithelial cells (Levental 

et al., 2009). Mechanical feedback is stimulated not only by cell-ECM contacts, but 

mechanical stresses are also propagated within cells. For instance, disruption of cell–cell 

adhesions through overexpression of active NOTCH resulted in hyperproliferation of cells 

in the colon crypts of mice, which increased mechanical stress and β-catenin signaling in 

adjacent nontumorous epithelial cells to drive hyperplasia and tumor formation in crypt foci 

(Fernández-Sánchez et al., 2015). Moreover, the stimulation of cell-intrinsic force generation 

through ROCK-mediated actomyosin contractility in the epidermis caused an increase in the 

incidence, growth, and progression of spontaneous carcinogen-induced papilloma (Samuel 

et al., 2011). This suggests that strategies to prevent ECM stiffening or aberrant cell 

contractility may prove effective as strategies for cancer prevention. Together, these data 

suggest that patient screening for disruption to tissue tensional homeostasis may aid in the 

identification of patients at high risk for future cancer development.

Force in tumor aggression

Alterations to the physical properties of cells and their ECM develop prior to and coincident 

with malignant transformation and increase as a function of tumor progression to create a 

microenvironment that facilitates tumor cell growth, survival and invasion (Pickup, Mouw 

and Weaver, 2014). Tumors display an altered tensional homeostasis that develops in 

part through solid stress exerted by an expanding tumor mass. For instance, in ductal 

carcinoma in situ (DCIS), the expansion of cells confined within the duct exerts force on 

the surrounding myoepithelial-basement membrane barrier (Fig. 3). The solid stress induced 

by tumor expansion can also promote tumor progression. For example, pancreatic tumors 

display a disorganized and thinning laminin and type IV collagen basement membrane, 

that when combined with an outward projecting compression force, facilitates tumor cell 

invasion (Ingber, Madri and Jamieson, 1981). Furthermore, compressive stress can activate 

cancer-associated fibroblasts (CAF) to secrete ECM proteins including type I collagen, 

to enhance pancreatic cancer cell migration (Kalli et al., 2018). Solid stress can also 

compress the tumor vasculature, lymphatics and interstitial space, causing leaky vasculature 

and impaired lymphatic drainage. In parallel, interstitial pressure can accumulate due to 

compression of the vasculature and lymphatics, which can impair anticancer drug delivery 

(Swartz and Lund, 2012). Together, these forces induce angiogenesis and generate regions of 

hypoxia, whereby activation of hypoxia-inducible factor (HIF)1α can induce an epithelial-

to-mesenchymal (EMT) transition in colorectal cancer and hepatocellular carcinoma cells 

(Zhang et al., 2013; Zhang et al., 2015). Moreover, hypoxic tumor cells isolated from 

xenografts contain increased subpopulations of tumor cells with cancer stem cell (CSC)-like 

characteristics (Kim et al., 2018). Compression force can also shrink the intercellular space 

surrounding cells, which increases the local concentration of growth factors and cytokines 

that may promote tumor growth (Tschumperlin et al., 2004).
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Tumors develop a desmoplastic response that is characterized by increased levels, 

remodeling and crosslinking of the ECM, that impedes the expansion of the tumor mass 

and compromises lymphatic drainage, thereby providing a resistant force to solid stress. 

For example, the stroma surrounding DCIS lesions exhibits higher levels of linearized and 

thickened collagen fibers (Acerbi et al., 2015). These collagen fibers begin to align parallel 

to the tumor boundary, which associates with a higher propensity for progression to invasive 

breast cancer (Provenzano et al., 2006). Collagen abundance in breast tumors is also a 

significant risk factor for patient mortality (Hasebe et al., 1997). Two-photon imaging has 

revealed that the tumors that develop in breast cancer patients with thickened and linearized 

collagen fibers that are oriented radially surrounding the tumor mass are more aggressive 

(Egeblad, Rasch and Weaver, 2010). Consistently, the presence of linearized, and stiffened 

collagen bundles is predictive of poor breast cancer patient prognosis (Conklin et al., 2011), 

which is likely due to these tracks facilitating cancer cell migration and invasion. Indeed, 

linearized collagen bundles surrounding the tumor serve as migratory tracks to facilitate 

fibroblast, immune, and tumor cell migration and invasion (Egeblad, Rasch and Weaver, 

2010). Moreover, ECM stiffening fosters the aggressive behavior of cancer cells, such that 

a variety of cell types migrate faster on stiffer substrates and their persistent migration 

can be directed up a stiffness gradient, through a process termed durotaxis (Kai, Laklai 

and Weaver, 2016). Similarly, cancer cells exhibit a haptotactic response in which cell 

migration is guided by gradients of surface-bound molecules such as the ECM (Oudin and 

Weaver, 2016). For example, human breast cancer cells tend to migrate toward a higher 

concentration of fibronectin (Oudin et al., 2016). Similarly, pancreatic cancer cells exhibit 

haptotactic behavior toward higher concentration of type I collagen (Lu et al., 2014). As the 

tumor stroma shows increased levels of ECM proteins, that are progressively remodeled and 

stiffened, durotaxis and haptotaxis may account for stiffer tumors showing higher infiltration 

of immune cells (Acerbi et al., 2015) and a higher frequency of fibroblasts (Piersma, 

Hayward and Weaver, 2020) at the invasive front. Thus, the remodeled, stiffened ECM that 

develops in tumors can directly foster tumor cell invasion and promotes tumor progression 

by activating stromal fibroblasts and immune cell infiltration.

Progression to an invasive carcinoma is accompanied by further ECM remodeling and 

collagen crosslinking and stiffening. For instance, inhibition or blocking of lysyl oxidase 

(LOX)-mediated crosslinking and stiffening delayed the transformation, frequency of 

invasive carcinomas and decreased tumor grade in a HER2/Neu model of murine mammary 

cancer and a KRAS/p53-induced model of murine pancreatic cancer (Levental et al., 2009; 

Miller et al., 2015). Similarly, inhibiting collagen crosslinking and reducing ECM stiffening 

also inhibited polyoma middle T–induced mammary tumor metastasis. Indeed, breast cancer 

patients with high levels of LOX have a higher probability of metastasis (Pickup et 

al., 2013). Moreover, aggressive subtypes of human breast cancer (HER2-enriched and 

triple-negative), exhibit the stiffest invasive stroma (Acerbi et al., 2015), and display the 

greatest abundance of collagen crosslinks (Maller et al., 2020). Importantly, stromal cells 

express the highest levels of collagen crosslinking enzymes, which was found to correlate 

significantly with disease specific mortality (Maller et al., 2020). Furthermore, a stiff 

ECM may additionally facilitate invasion by promoting a mesenchymal-like phenotype. 

Cancer cells with this phenotype are more contractile and deformable, which facilitate their 
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migration through a dense and stiffened ECM (Mekhdjian et al., 2017). Indeed, basal-like 

and triple-negative breast cancers (TNBC), which have the worst prognostic outcome and 

stiffest ECM also display mesenchymal markers, as well as a stem-like molecular signature 

that associates with therapeutic resistance (Sotiriou et al., 2003). Poor patient prognosis and 

a less differentiated mesenchymal phenotype were also correlated with increased collagen 

deposition in patients with pancreatic cancer (Laklai et al., 2016). Moreover, glioblastoma 

multiforme (GMB), which is an aggressive brain tumor (Barnes, Przybyla and Weaver, 

2017), displays a greater abundance of mesenchymal and stem-like tumor cells that exhibit 

elevated therapeutic resistance relative to bulk glioma cells (Bao et al., 2006). These 

mesenchymal-like GBM tumors are stiffer and present with higher levels of glycoproteins 

that enhances their glycocalyx (Barnes et al., 2018). Since a large proportion of these 

bulky glycoproteins, such as tenascin-C (TNC), are also stem markers, upregulation of 

glycoproteins and their modulators enhances GBM stem-like behavior. These data suggest 

that a crosslinked and stiffened ECM may induce a mesenchymal and stem-like transition in 

tumor cells that promotes their aggressive behavior.

Force and tumor cell fate

Tumor heterogeneity remains a considerable obstacle as it impinges on prognosis, response 

to therapy and metastasis. Genetic, phenotypic and functional diversity exists among tumors 

from different patients (intertumor heterogeneity), and even within an individual tumor 

(intratumor heterogeneity). The intertumor heterogeneity is typically characterized by gene 

expression profiles that associate with patient outcome and prediction of treatment success. 

For example, examination of receptor status (ER/PR/HER2) in breast cancers has led to 

the identification of molecular subtypes; luminal A, luminal B, basal-like, HER2-enriched 

and normal-like, that associate with different clinical prognosis (Perou et al., 2000) and 

to some extent, treatment response (Troester et al., 2004). Furthermore, these detrimental 

characteristics are confounded by the distinct subpopulations of cells that exist within a 

tumor. CSCs have been proposed to account for intratumor heterogeneity. CSCs are a 

low-abundance population of tumor cells with stem-like properties due to their ability 

to self-renew and generate the diverse cells that comprise a tumor, implicating CSCs in 

tumor origination (Visvader and Lindeman, 2008). Evidence also supports a role for CSCs 

in aggressive tumor behaviors such as disease relapse and metastatic spread due to their 

resistance to anticancer drugs. Furthermore, characterization of CSC gene expression and 

function has revealed that they possess properties similar to cells that have undergone EMT 

(Mani et al., 2008). For example, disseminated tumor cells from HER2-enriched breast 

cancers display a stem cell phenotype and acquire EMT markers such as TWIST1, SNAI1 

and ZEB1 (Reuben et al., 2011).

Increasing evidence suggests mechanical forces influence tumor heterogeneity and 

aggression. While the stroma within a tumor is stiffer than that of a healthy tissue, this 

stiffness is not uniform and they display considerable heterogeneity in compliance and 

rigidity throughout the tumor itself (Acerbi et al., 2015; Laklai et al., 2016; Lopez et al., 

2011). Indeed, tumors show the stiffest regions at the invasive front, and aggressive subtypes 

display the highest number of stiff regions (Acerbi et al., 2015). Moreover, these aggressive 

breast cancer subtypes which have the stiffest stroma and worst patient prognosis, display 

Hayward et al. Page 11

Dev Cell. Author manuscript; available in PMC 2022 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



elevated mesenchymal markers as well as a stem-like molecular signature, which have 

been associated with detrimental tumor characteristics such as resistance to diverse forms 

of anticancer therapy, seeding recurrent tumors and ability to disseminate to and colonize 

distant tissues (Park, Choi and Nam, 2019; Sotiriou et al., 2003). These data suggest that 

disruption to tensional homeostasis may promote mesenchymal or stem-like tumor cells. 

Mechanical force may act to reprogram differentiated tumor cells to exhibit mesenchymal 

and stem-like behaviors. For instance, ECM stiffness can promote the development of 

stem-like properties in breast cancer cells by modulating levels and activity of integrin-

linked kinase (ILK) (Pang et al., 2016). Similarly, a stem-like phenotype is exhibited in 

pancreatic cancers that exhibit increased collagen accumulation and elevated expression of 

YAP1 (Laklai et al., 2016). Changes to tissue rigidity may also induce the proliferative 

expansion of premalignant progenitor cells or transformed stem cells, though these potential 

mechanisms require further investigation.

Conclusions and future perspectives

Clearly, biophysical cues have an important role in regulating cell fate and directing 

tissue-specific development. With increasing experimental tools available to investigate the 

physical properties of tissues and cells (Box 2; reviewed in (Roca-Cusachs, Conte and 

Trepat, 2017)), there is expanding potential to identify unique therapeutic interventions 

that may normalize the tensional microenvironment in order to ameliorate aggressive 

tumor behavior and even prevent malignant transformation. Certainly, more extensive 

characterization of mechanical niches within tumors that influence the behavior of stem-like 

tumor cells, including their quiescence, self-renewal and differentiation behaviors, will be 

critical for developing strategies aimed at suppressing their development and persistence in 

cancer. Nevertheless, in order to pertain clinical utility, many questions in the field must be 

better understood.

Considerable data supports mechanically initiated cell signaling in modulating transcription 

factor activation (Wei et al., 2015), yet it is also appreciated that mechanical cues control 

chromosome organization through cytoskeletal-nuclear links, and hence gene expression. 

Nuclear mechanotransduction has been proposed to be one process regulating stem 

cell fate including self-renewal, lineage specification, and differentiation; however, how 

chromosome configurations are altered in response to changes in nuclear mechanics 

following microenvironmental cues is not well understood. One possibility is that the 

cellular cytoskeleton transmits force directly to the nucleus through specific physical 

linkages such as those mediated by Linker of the Nucleoskeleton and Cytoskeleton (LINC) 

complex to the nuclear lamina (Davidson and Lammerding, 2014). These links apply 

differential mechanical force by bridging the cytoskeleton and chromatin. Specifically, 

KASH domain proteins (nesprins) on the outer nuclear membrane link with actin, and 

in turn, are connected to the inner nuclear membrane through SUN domain proteins, 

which are linked to nuclear lamina and the chromatin (Davidson and Lammerding, 2014). 

Studies have revealed that the specific locations of chromosomes in the nucleus depends 

on the mechanical state of the nucleus (Wang et al., 2017). While gene-rich chromosomes 

are located towards the interior, gene-poor chromosomes are located towards the nuclear 

periphery anchored by specific laminin-associated domains (LAD) (Chen et al., 2015; Kind 
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et al., 2015). This may be an important mechanism in regulating cell fate decisions, as stem 

cells display highly dynamic chromatin structures resulting from a more plastic nucleus, 

while differentiated cells show chromosomes arrangements and a stiffer cell nucleus 

(Maharana et al., 2016). Similarly, ovarian CSCs exhibit a softer elastic modulus than more 

differentiated neoplastic precursors and aggressive ovarian cancer cells due to changes in 

their cytoskeletal architecture (Babahosseini et al., 2014). It is conceivable that alterations in 

nuclear morphology and cytoskeletal-nuclear links in cancer may result in rearrangement of 

chromosomes to activate differential gene expression programs that may facilitate aggressive 

tumor-phenotypes. Moreover, while alterations in nuclear morphometrics have long been 

recognized as biomarkers of cancer diagnostics, machine-based high-resolution imaging 

approaches provide promising prognostic tools based on such nuclear alterations (Hayward 

et al., 2020). Further development of digital image analysis techniques combined with 

genomic analysis may prove effective in early cancer diagnostics.

Cell metabolism has also emerged as an important process regulated by mechanical cues 

(Romani et al., 2021). For example, ECM stiffness activates glycolysis and glutamine 

metabolism in both squamous cell carcinoma cells and CAFs. A stiff ECM induced 

a metabolic cross talk between tumor cells and CAFs, whereby CAF-derived aspartate 

facilitated tumor cell proliferation, while tumor cell-derived glutamate supported CAF ECM 

remodeling activity (Bertero et al., 2019). In this manner, ECM stiffness can rewire cell 

metabolism to promote cell proliferation and ECM remodeling to foster tumor growth and 

aggression. In turn, metabolism also directly influences tissue mechanics. Indeed, one study 

showed that breast cancer cells rely on pyruvate to support crosslinking, and subsequent 

stiffening of collagen at the metastatic niche, and the inhibition of pyruvate metabolism 

impaired breast cancer-derived lung metastases (Elia et al., 2017). Importantly, metabolism 

may also influence cell fate. As cells differentiate the metabolic state of the cell shifts 

energy production from oxidative phosphorylation to glycolysis. For example, ESCs in the 

most naïve, undifferentiated state, exhibit high levels of oxidative phosphorylation. As they 

differentiate toward a primed state, they shift their metabolism program to glycolysis for 

energy and biomass production (Zhou et al., 2012). It is plausible that this metabolic shift 

occurs prior to induction of gene expression reprogramming, implying it is a prerequisite 

to cell fate decisions. Together, these data suggest that mechanics and metabolism are 

intertwined, and mechanically induced metabolic rewiring could facilitate cell fate decisions. 

These research areas, among others, require further investigation in order to develop unique 

therapeutic strategies to target stem-like cells in cancer prevention and treatment.
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Box 1.

Force definitions

Force is a push or pull on an object, that causes an object with mass to change its 

velocity. It has magnitude and direction, making it a vectoral quantity. It is measured in 

newtons and represented by the symbol F.

Mechanical stress is the objects internal resistance to an external force. It is measured as 

force per unit area (N/m2, where N is newtons and m is meters).2 There are three types: 

tension, compression and shear. Tension (pull) and compression (push) stresses occur 

when forces act perpendicular to the area of the object. Shear stress occurs when two 

forces act parallel to the area of the object. Example of initial (dark blue) and final (light 

blue) geometries of objects following stress.

Strain is a measure of deformation to the object under force relative to its original length.

Elasticity is the ability of a deformed object to return to its original shape after removal 

of the force. The modulus of elasticity is defined as the ratio of stress to strain. Young’s 
modulus (E) describes the elasticity of an object subjected to tensile and compression 

stress. Shear modulus (G) describes the elasticity of an object subjected to shear stress.

Stiffness describes the elasticity of an object. It is measured in pascals (Pa). Stiffness 

relates to elasticity, though stiffness may change as force increases.

Viscoelasticity is the property of materials that possess both elastic and viscous 

properties when deformed. The strain of viscous materials is time-dependent, while strain 

of elastic materials is time-independent.
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Box 2.

Tools for studying cell and tissue forces

a, Traction force microscopy (TFM) maps stresses at the cell surface by measuring 

deformation of the surrounding material. Typically, fluorescent beads are embedded 

within gels with tuneable elasticity, and cells may be cultured on top (2D) or within (3D) 

the gels. Traction forces generated by cell contractile forces result in deformation of the 

substrate, which can be quantified by the displacement of fluorescent beads. A variety of 

computational methods are used to generate traction force maps from these displacement 

measurements.

b, Atomic force microscopy (AFM) maps the stiffness of a material by measuring the 

displacement of the cantilever-tip. Cantilevers are elongated elastic materials which are 

fixed at one end and free at the other. The force exerted on the free end by probing 

the material causes the cantilever to bend. This allows for the stiffness of the material 

to be readily measured from the displacement of the cantilever. Again, a variety of 

computational methods are used to generate AFM stiffness maps for cells and tissues.

c, Fluorescence resonance energy transfer (FRET) is used to quantify forces by 

deforming individual molecules. As nanoscale deformation of individual molecules 

cannot be resolved optically, they are measured indirectly through fluorescence 

microscopy. Typically, a cassette containing a mechanically calibrated linker flanked by 

two different fluorophores is encoded into a protein of interest. Force application to the 

molecule stretches the linker, thereby altering the FRET between the two fluorophores. 

This is used to understand the forces experienced by specific molecules, including talin 

and vinculin.

d, Laser ablation uses focused laser pulse energy to obliterate biological structures that 

transmit forces at the subcellular, cellular or tissue level. Laser ablation generally expands 

the targeted structure, indicating the structure and its surroundings were previously under 

tension in the opposite direction to the expansion. Force estimations conducted through 

laser ablation are limited by the assumption that materials are constant and uniform 

across experimental conditions, though these may be determined independently.

e, Magnetic or optical tweezers can be used to apply force to or measure the rheological 

properties of cells. Either a dielectric or a magnetic bead is functionalized with molecules 

to facilitate cell attachment. Then, either a focused beam of light or magnetic field is used 

to apply force to the bead, which is transmitted to the cell. Precise calibration of these 

systems allows simultaneous measurement of the cellular resistance to the applied force, 

from which rheological properties of the cell can be calculated.

f, Bulk rheology characterizes the flow or deformation of a material of interest and can 

be used to measure the viscoelastic properties of biological materials, such as biopolymer 

hydrogels or tissues. Rheology measurements are performed using an instrument called 

a rheometer, of which there are two types: controlled-stress and controlled-strain 

rheometers. Viscoelastic properties (i.e., storage, loss, and elastic moduli) are determined 

by examining the relationship between stress and strain for different modalities of applied 
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stress or strain. The main challenge associated with bulk rheology is typically sample 

preparation – as viscoelastic materials can be inherently difficult to stabilize and load into 

the rheometer.
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Figure 1. Mechanosensing and mechanotransduction mechanisms in cells.
a, Cells have evolved to sense force either through protein-based mechanosensors 

or cytoskeletal and membrane-mediated molecular responses, in a process known as 

mechanosensing. Cells sense mechanical cues in multiple ways including; mechanosensitive 

ion channels, integrins in focal adhesions, cadherins in adheren junctions and nuclear 

membrane proteins in cytoskeletal interactions. b, Cells then translate these mechanical 

cues into biochemical signals that then elicit a biological response through a process termed 

mechanotransduction. In the case of focal adhesions, the initial activation and binding 

of integrins to the ECM can occur in the presence of low resisting forces (soft ECM), 

leading to the formation of a transient focal complex, where the integrin intracellular domain 

is weakly attached to F-actin. In the presence of high resisting forces (stiff ECM), the 

recruitment of adaptor proteins promotes integrin clustering, actin remodeling and myosin-

mediated contraction to increase internal cellular tension. Force-bearing proteins such as 

talin undergo force-induced conformational changes, which promotes the local recruitment 

of other proteins to reinforce the linkage to actin, such as vinculin, to regulate local signaling 

to provide a positive feedback leading to further reinforcement and maturation of focal 

adhesions. Multiple mechanisms then contribute to regulate downstream signaling pathways 

mediating the biological responses to ECM mechanical cues. c, Examples of biological 

responses to ECM-derived mechanical cues occurring in different cell types. ECM cues 

influence cell-cell adhesions, regulates proliferation and apoptosis, directs cell migration and 

alters cell fate.
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Figure 2. Tissue forces in mammary gland development and function.
The mammary gland is subjected to a number of biophysical forces (red arrows) that 

facilitate its development and function. a, During puberty, branching is marked by the ductal 

outgrowth of the mammary epithelium into the adipocyte-rich (yellow) stroma of the fat 

pad by directing the collective migration of mammary epithelial cells (MEC) led by the 

terminal end bud (TEB). Branch orientation is regulated by the bundling of type I collagen 

fibers (grey) proximal to the TEB. b, The developed breast ducts comprise an inner layer of 

oriented luminal epithelial cells (green) and an outer layer of contractile myoepithelial cells 

(pink). c, During pregnancy, hormonal cues direct the expansion of alveolar cells that mature 

into milk-secreting cells. The alveoli expand out from the ducts filling the majority of the 

fat pad and the stroma is remodeled to accommodate the expanding epithelium. d, During 

lactation, the accumulation of milk and distension of ducts applies compressive stress on the 

surrounding cells and basement membrane. Upon suckling-mediated oxytocin stimulation, 

epithelial cells encounter inward tensile stress and the myoepithelium contracts to force 

milk out of the alveolar sacs. e, During involution, the mammary gland undergoes extensive 

remodeling of the cellular and extracellular stroma to the pre-pregnancy architecture. The 

remodeled stroma in these stages consequently alters the signals and forces encountered by 

MECs within the ducts and by doing so, sets the stage for subsequent cycles of proliferation, 

differentiation or involution.
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Figure 3. Disruption of tissue mechanics in breast cancer.
In the normal breast, forces between the epithelium and stroma maintain a state of 

tensional homeostasis. Normal ducts are surrounded by a compliant and soft ECM. In ductal 

carcinoma in situ (DCIS), epithelial cells proliferate within the lumen of the duct, exerting 

an outward projective compressive force on the adjacent myoepithelium and basement 

membrane (solid stress). These forces are countered by an inward projecting resistance 

force from the ECM. Accompanying DCIS progression is the remodeling, crosslinking 

and stiffening of the ECM by myofibroblasts and immune infiltrate. In parallel, interstitial 

pressure accumulates due to impaired lymphatic drainage and vessel compression. Together, 

these forces can generate regions of hypoxia within a tumor, which can induce epithelial-

to-mesenchymal or stem-like transition in tumor cells. Neoplastic epithelial cells exhibit 

modified tensional homeostasis and respond to these accumulating forces. At some point, 

the myoepithelial-basement membrane barrier is breached, and linearized and stiffened 

ECM tracks surrounding ducts facilitate tumor cell invasion and metastasis.
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Table 1.

Key studies of tissue mechanics in stem cell fate, development and cancer

Force and embryogenesis

Early development [29, 30, 32–34]

Gastrulation [35, 38–40]

Organogenesis [44–46]

Force and tissue development

Vasculature [47, 50–54]

Branching morphogenesis [57, 58, 60]

Stem cell specification and maintenance [38, 40, 48, 49, 64, 65, 84]

Force and malignant transformation

Tissue fibrosis [86–88]

Breast density and cancer risk [89, 91]

Force and tumor aggression

ECM properties [107, 108, 117, 118]

Membrane [24, 96]

Contractility [98]

Force and tumor cell fate

Cancer stem cells [120, 121, 124]

Epithelial-mesenchymal transition [40, 124, 129, 134]

Tumor aggression and metastasis [121, 124]

Mechanical cues direct cell fate and shape tissue development and homeostasis. Here, Hayward et al. discuss how dysregulation of tissue forces 
increases risk to malignancy and promotes tumor aggression, and induces a stem-like phenotype in tumor cells to drive tumor aggression and 
treatment resistance.
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