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Abstract

Living cells and tissues experience physical forces and chemical stimuli in a human body. The
process of converting mechanical forces into biochemical activities and gene expression is
mechanochemical transduction or mechanotransduction. Significant advances have been made in
understanding mechanotransduction at cellular and molecular levels over the last two decades.
However, major challenges remain in elucidating how a living cell integrates signals from
mechanotransduction with chemical signals to regulate gene expression and to generate coherent
biological responses in living tissues in physiological conditions and diseases.

For many years, researchers focus their studies on the influence and mechanisms of
individual soluble molecules such as growth factors, cytokines, and chemotactic molecules
on biological functions of living cells and tissues. However, during the last two decades,
increasing evidence demonstrates that local microenvironment (e.g. matrix stiffness) and
physical forces of cells and tissues play critical roles in controlling and regulating responses
and behaviors in embryonic development, adult physiology, and various diseases like cancer,
cardiovascular diseases, and pulmonary diseases. In order to elicit biological responses, cells
must convert these physical signals into chemical processes and/or changes in gene
expression. The conversion of mechanical signals into chemical signals or gene expression is
called mechanochemical transduction, or mechanotransduction [1]. Despite significant
progress over the last decades, the underlying molecular mechanisms of cellular
mechanotransduction are not well understood and therefore more efforts are needed to
address many open fundamental questions in this area.

Force-dependent integrin adhesion at cell-matrix interface

While some body cells are often in suspension (e.g., circulating cells in blood), most body
cells need to attach to a polymer-like structure called the extracellular matrix (ECM) to
function properly in a tissue. In 1984, Erkki Ruoslahti et al. discovered that the
arginylglycylaspartic acid (Arg-Gly-Asp, or RGD) tripeptide was part of fibronectin [2], a
matrix protein polymer, which interacts with a cell surface receptor, which was cloned by
Richard Hines lab in 1986 and named as integrin [3], the primary transmembrane molecule
to mediate cell-matrix adhesion. Thirty years later, 24 integrin subtypes have been
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discovered that are made of different combinations of a and B integrin heterodimers (e.g.,
asP1 for binding to matrix protein fibronectin) [4]. Integrin subtypes app2 (Mac-1) or a By
(LFA-1), known to mediate adhesion between an immune cell and a target cell, have been
cloned a year after cloning of B1 integrin [5]. When an integrin is in its inactive form, its
ectodomains are in the bend configuration and its hybrid domain is in the closed
configuration. ECM protein fibronectin or cytoplasmic protein talin can induce integrin
activation. When the integrin is activated, its ectodomains become extended and upright [6]
and its hybrid domain swings open away from the a-subunit [7], although the details of
these processes are still under debate [8]. However, integrin activation alone is necessary but
not sufficient for many vital cellular functions such as cell spreading, cell growth, and
proliferation. For example, an early paper in late 1990’s on the role of integrin and cell
function finds that it is the degree of cell spreading and not the total number of clustered
integrins that dictate whether a normal endothelial cell enters the cycle of DNA synthesis
[9]. During the early days of the integrin study, researchers focused their attention on
chemical signaling of integrins (e.g., control of pH and Na/H antiporter) after integrins
clustered and immobilized onto ECM [10, 11]. While chemical processes are certainly at
play, it turns out that mechanical forces play a critical role in integrin-mediated adhesion and
cellular responses. The first experimental evidence that integrins and focal adhesions (FAS)
(a protein complex consists of clustered integrins and other cytoplasmic molecules) mediate
mechanical force transmission to the cytoskeleton was shown in 1993 [12]. Several years
later 3 groups independently show that the mechanical force signaling via FAs are bi-
directional: Outside-In [13] and Inside-Out signaling [14, 15]. The details of the molecular
mechanisms of activation are still being actively studied, however. For example, a molecular
dynamics model has been used to explore how integrin allbp3 is activated [16]. In addition
to change the conformation of integrins, matrix forces can unfold fibronectin [17] and tune
the interactions of fibronectin and collagen-1 in the ECM of fibroblasts [18]. It is now well
accepted in the field that the primary function of the integrins is to mediate mechanical
signaling, to recruit cytoplasmic proteins to the clustered integrins and FAs, and to propagate
mechanical forces to alter activities of other cytoplasmic proteins and cellular responses,
since integrins themselves do not have enzymatic activities. Molecular mechanisms of force-
induced integrin activation and cell-ECM adhesion are discussed in a couple of recent
reviews [19, 20]. To learn about the evidence for a force-reinforced bond (a catch bond) in
a5p1 integrins [21], one can read a recent review on the topic [22]. In contrast to integrins,
only relative recently cell-cell adhesion molecule E-cadherin, critical for formation of an
intact epithelial monolayer, is shown to be mechanosensors [23]. In response to fluid shear
stress, a complex consisting of PECAM-1 (platelet-endothelial cell adhesion molecule 1),
VE-cadherin (vascular endothelial cadherin) and VEGF (vascular endothelial growth factor)
receptor 2 (VEGFR?2) is identified as a mechanosensor in endothelial cells [24] and G
protein-coupled receptors is discovered as a mechanosensor in neutrophils [25]. Activation
of IkappaB kinase or FIk-1 by fluid shear stress is mediated by integrins [26, 27]. In this
review, we focus on integrin-mediated ECM force transmission and force transduction, i.e.,
mechanochemical transduction. Fort those who are interested in cellular mechanoelectrical
transduction, they are suggested to a review on mechanosensitive ion channels on the plasma
membrane [28].
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It is increasingly evident that almost all living cells generate endogenous forces, although
the magnitudes of the forces vary among different cell types. Various types of cells appear to
exhibit different sensitivities to changes in force magnitudes, frequencies, and durations, but
the underlying mechanisms are not well understood. Inside the cytoplasm, different types of
molecular motors generate forces and a single molecular motor can generate a force of a few
picoNewtons (~pNs), but nonmuscle myosin Il are particularly interesting because many of
these molecules can align along actin microfilaments to significantly increase the total
magnitude of forces in actin bundles to the nanoNewton (~nN) range at a single FA [15].
Forces exerted at single integrins are estimated from a few pNs to several dozens of pNs
[29-31]. Recent measurements with tension gauge tethers reveal that a single integrin
molecule mediates ~40 pN force to initiate cell spreading before FA formation and is
independent of actomyosin [32, 33] and that a >54 pN molecular tension is transmitted by
clustered integrins in motile actomyosin-dependent FAs [34]. Since estimates for the single
integrin force are still considered by some to be a point of debate, future studies are needed
to reconcile these estimates obtained in various conditions. More importantly, a FA has
hundreds of clustered integrins and other cytoplasmic proteins to connect with hundreds of
filamentous actins (F-actins) and myosin Ils such that the force at a single FA can be tens of
nNs and can propagate along the cytoskeleton to distances ranging from several micrometers
(ums) to tens of ums across the whole cell length.

Mechanotransduction in the cytoplasm

In the early 80’s, Don Ingber [35] and Mina Bissell [36] independently proposed that solid-
state ECM could impact on cell/tissue organization/function and gene expression, but at the
time the experimental evidence is scarce and the mechanism is not clear. A fundamental
question in biology is how a living cell integrates forces sensed, say, at different FAs, and
responds in a coherent manner. Ingber first proposed the model of cellular tensegrity
(tensional integrity) in early 1980’s to explain the tension-integrated cytoskeletal structure
and cellular responses to mechanical forces [35, 37]. While this model emphasizes the
importance of cytoskeletal tension in integrating cytoskeletal structures and cellular
responses, it should be viewed in the context of the dynamic processes of the cytoskeleton
(e.g., assembly and disassembly of cytoskeletal filaments) and local biochemical processes
in the cell. Early experimental results in living cells are consistent with the cellular
tensegrity model [12, 38], but rigorous experimental tests and support for the tensegrity
model with microtubules as the compression-bearing element in the cell [39, 40] and the
prestress model (a model where the prestress is balanced from outside of the model) came
several years later [41]. Here inherent cytoskeletal tension and pre-tensile stress (prestress)
are equivalent and are used interchangeably.

Many labs have searched for intracellular mechanosensors downstream of integrins over the
last decade. Molecular dynamics analyses that show the potential role of FA protein talin
[42] and of FA protein vinculin [43] in mechanosensing are consistent with the experimental
evidence for recombinant talin rod molecule [44] and for vinculin in living cells [45] in
mechanosensing. Recent work reveals that differential ECM stiffness (i.e. ECM force)
sensing by talin requires its actin-binding site 2 (ABS2) but not vinculin or actin-binding site
3 (ABS3) [46]. The force transmission capability of talin and integrins is downregulated by
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another focal adhesion protein Kank that binds close to the ABS2 site of talin [47]. These
studies reveal the mechanosensing capacity of some FA proteins and are consistent with the
notion that any molecules that are in the pathway of the force propagation should be in
principle candidates for mechanosensors. However, for many years a prevailing view in the
field of mechanotransduction is that force transmission in living cells are “short-ranged” and
thus a local force can only exert its significant effects at the periphery of the cell such as a
FA. This prevailing view dominates the field of mechanotransduction as studies have
focused on the activation of proteins at or near FAs by force. For example, pulling on
integrins activates Src protein near the applied force and Src activation slowly propagates
along the plasma membrane via cytoskeletal dependent mechanisms [48], mechanical stretch
results in phosphorylation of p130Cas by Src kinases [49], and elevation of substrate rigidity
activates focal adhesion kinase (FAK) on fibronectin-coated substrates [50]; all demonstrate
a local impact by a local force. From a material’s point of view, this “short-ranged” force
prediction would be reasonable if the material was isotropic and homogeneous and therefore
a local stress would decay as ~1/R? where R is the distance between the site of local force
application and a point in the material. But the cytoplasm of a living spread cell is neither
isotropic nor homogeneous.

Since early 2000’s, evidence of long-distance force propagation (~tens of ums) in living
cells has been demonstrated [51, 52]. The long-range force propagation becomes short-
ranged (a few ums) when either the prestress in the actin bundles (i.e., stress fibers) are
inhibited or the actin bundles are disrupted [51, 52], suggesting the critical roles by the
prestressed actin bundles in long-distance force propagation. Importantly, it has been
revealed that intracellular mechanotransduction is long-distant because Src or Racl can be
directly activated within 300 ms of force application at a distance that is more than 30-60
pum away from the site of the local force application [53, 54] (Fig. 1). Mechanotransduction
in the cytoplasm is also much faster (>40-fold) than a soluble growth factor induced
signaling [53]. These findings of the anisotropic cytoskeleton mediating rapid long-distant
force transmission have been predicted by a theoretical prestressed actin bundle model [55]
and are consistent with the cellular tensegrity model [37]. The reason for the long-distant
force propagation of the stress fibers is because they are much stiffer than the surrounding
cytoplasm and thus can concentrate the stresses and propagate them to long distances
throughout the whole cell length. Anisotropic cytoskeleton mediating long-distance force
transmission in the cytoplasm has been demonstrated in several other cell types [56, 57] and
tension-driven anisotropic alignment of ECM fibers is responsible for long-distance force
transmission in the ECM [58]. Recently it is shown that collective cell durotaxis toward
stiffer matrices during cell migration is a result of long-range intercellular force transmission
[59], which would not be possible without the long-distance force transmission first within
an individual cell, since cellular forces are first generated locally at cell-ECM interface in an
integrin-dependent manner.

Viscoelastic mechanics of the cell and mechanotransduction

The stress fibers are viscoelastic, just like the rest of the cytoplasm. The viscoelastic nature
of the cell has been investigated in detail over the last decade. It is discovered that as the
frequency of force application increases, the change of cell stiffness with the force frequency
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follows a weak power law, as if the cell behaves like a soft glass material [60]. Although the
exact molecular mechanism underlying this unique behavior of the cell remains unclear up
to this day, rupture of protein-protein noncovalent bonds in living cells has been proposed as
a possible source of the weak power law [61]. Recently, it is shown that the plastic
deformation in a living cell after removal of mechanical load is a constant fraction of the
total deformation, originates from bond ruptures within the cytoskeleton, and also follows a
weak power law with loading frequency [62]. Whether the weak power law behaviors during
both loading and after loading conditions emerge from the same noncovalent protein-protein
bond rupture mechanism needs to be examined in the future.

At the present time, it is not clear how much cell mechanics, which focuses on the
viscoelastic mechanical properties of the living cells, relates to mechanotransduction. While
some of the viscoelastic behaviors of living cells originates solely from the material
properties of the cells, it is conceivable that some of the temporal changes of the viscoelastic
properties is a result of cellular remodeling, which would depend, at least in part, on the
processes of mechanotransduction. A recent report shows that during differentiation, nuclei
in bovine and human mesenchymal cells stiffen and the stiffening response sensitizes the
cells to calcium signaling [63]. However, more research is needed to understand how
mechanotransduction processes in the cytoplasm (and the nucleus) vary with changes in
viscoelastic properties of the cell and vice versa.

Nuclear mechanotransduction

In contrast to the understanding of mechanics of the cytoplasm, we know very little about
nuclear mechanics and mechanotransduction. A mammalian cell nucleus is a highly
organized structure where gene expression is thought to be regulated temporally and
spatially [64], but the role of force and mechanics in gene regulation is far from clear. The
nuclear envelope is physically tethered to the actin cytoskeleton via the LINC (Linker of
Neucleoskeleton and Cytoskeleton) complex that consists of KASH-domain proteins and
SUN-domain proteins [65]. The evidence of force-carrying connections that reach from the
plasma membrane to the genome was first shown late 1990°’s [66]. However, precise control
and application of physiologically relevant magnitudes of force and simultaneous
quantitation of synchronous intranuclear deformation were only achieved later [67]. In
addition, it is shown that intranuclear protein-protein complexes (coilin-SMN (survival of
motor neuron) in Cajal bodies) can be directly dissociated by force at the cell surface and
this force propagation into the nucleus depends on the tensed cytoskeleton as well as
presence of Lamin A/C [68]. The nuclear lamina lie underneath the nuclear envelope.
Lamins, a major protein network in the nuclear lamina, are known to function as a
mechanosensor for differentiation and regulation of transcription factors [69-71].
Nevertheless, the fundamental question in the field of mechanotransduction that whether a
physiologically-relevant force or deformation can directly deform a chromatin structure in a
living cell to regulate specific gene expression has not been answered during the last 2
decades. It has been known for a long time that chromatin decondensation is associated with
transcription, but it is not clear whether it is the chromatin decondensation that drives the
gene expression or vice versa. A method has been developed using bacterial artificial
chromosome (BAC) to insert multiple green fluorescent proteins (GFPs) and dihydrofolate
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reductase (DHFR) gene in the same chromatin domain [72]. Direct evidence has been
demonstrated that externally applied forces via integrins alone can directly unfold and
stretch a chromatin and elevate DHFR transcription within the same chromatin domain [73]
(Fig. 1). Inhibiting cytoskeletal tension or disrupting the force transmission pathways from
the cell surface to the nuclear structural proteins that connect to the chromatin inhibited or
downregulated the DHFR expression. DHFR transcription processes can be quantified
rapidly (within 15 sec, after RNA polymerase 1l binding) and are sensitive to the angle and
direction of loading relative to the actin bundles: the higher the stress angle, the bigger the
chromatin stretching, the greater the transcription. The finding of matrix force induced direct
gene expression in the nucleus is consistent with the prestressed actin bundle model and the
cellular tensegrity model in long-distance force propagation. It would be difficult to interpret
this force-induced rapid transcription of DHFR by models of diffusion or translocation of
FA proteins or other cytoplasmic molecules such as Yes-associated Protein (YAP)/
transcriptional coactivator with PDZ-binding motif (TAZ) [74] or TWIST1 [75] into the
nucleus, which can certainly regulate matrix rigidity/force dependent gene expression at
longer time scales (~tens of minutes). Matrix force dependent cytoplasmic YAP
translocation into the nucleus is indeed necessary for gene upregulation of nuclear protein 1
(Nuprl), whose role as a tumor suppressor is just recently discovered [76]. Histone
modifications in the nucleus are one of the major means of epigenetic alterations to regulate
gene expression. Stiff ECM or applied forces via integrins have been shown to increase
methylation of histone 3 at the site of lysine 9 (H3K9) [77], but it is not clear at this time
whether H3K9 methylation is a direct result of force propagation and impact in the nucleus
or via indirect pathways of cytoplasmic biochemical activities.

The nuclear envelope is punctuated by many nuclear pore complexes (NPCs) that varies
among cell types. The NPCs control the traffic of molecules into (e.g., YAP/TAZ or
TWIST1) and out of the nucleus (e.g., nuclear actin [78]) and hence regulate gene
expressions to influence mechanotransduction. However, how the NPCs are related to the
LINC complexes is still elusive [79] and should be investigated in the future.

Mechanobiology in mechanobiomedicine

Owing largely to advances in mechanotransduction, mechanobiology, a study of biology
using mechanical and engineering approaches, is becoming increasingly relevant to stem cell
biology and cancer in the last decade or so. For many years, researchers have cultured cells
on top of rigid plastic or glass. However, it is well known that various types of living cells in
soft tissues attach to matrices of stiffness varying from 0.1 kPa to tens of kPa [80]. Tuning
the substrate stiffness in a controlled manner, it is demonstrated that FAs and migration of
living cells are dramatically different on substrates of various rigidity [14]. Later it is
reported that mesenchymal stem cell differentiation can be directed by ECM stiffness [81],
which is driven by myosin 1l dependent processes. A few years later, it is demonstrated that
an applied local force can differentiate a single embryonic stem cell [82]. The impact of
mechanical microenvironment on living cells can be long-lasting; when stem cells [83] or
cancer cells [77] are plated on substrates of different stiffness, they maintain their behaviors
on the previous substrate for several days to exhibit features of memory. It turns out that
mechanics and forces are not only important in stem cell differentiation but also critical in

J Phys D Appl Phys. Author manuscript; available in PMC 2018 June 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang

Page 7

normal patterning and correct organization of germ layers during early mammalian
embryonic development [84].

Mechanical forces are even making an impact in cancer biology. Despite decades of efforts
and much progress in research, many aspects of cancer remain poorly understood. For
example, it is not clear why only a few cancer cells, out of thousands of cancer cells, are able
to form metastatic colonization, an irreversible and critical step in malignant tumor
progression to clinically detectable macroscopic metastases [85]. The concept of cancer
stem cells (CSCs) has been proposed in 1990’s to explain the propensity of a few primitive
cells of leukemia to proliferate [86], but others fail to find an association between
tumorigenicity and cell surface stem cell markers in solid tumor cells [87, 88]. In primary
tumors, high mechanical tension and matrix stiffening are shown to be important in cancer
progression [89] and high fluid/solid pressure in the primary tumor often accompanies tumor
growth [90], but secondary metastatic sites of tumors appear to be softer (suggesting lower
forces) than the surrounding normal tissues [91], suggesting that low forces and low matrix
stiffness might play be important in the tumorigenicity and metastasis of CSC-like tumor
cells. Creating a 3D soft matrix made of fibrin gels, a small population of tumor cells that
are highly tumorigenic and malignant can be selected and grown from the general cancer
cell population in several murine or human cancer cell lines [92]. Since these cells are not
selected by cell surface stem cell markers and appear to be different from the conventional
CSCs or tumor-initiating cells (TICs) that exhibit three distinct subtypes, they are called
tumor-repopulating cells (TRCs). Interestingly, those melanoma TRCs in 3D soft matrices
are less differentiated than the melanoma cells cultured in 3D stiff matrices or on rigid
plastic [77], suggesting that it is the low forces and low matrix stiffness in the 3D
microenvironment that drive undifferentiated, tumorigenic TRC growth. These soft
melanoma TRCs also extravasate (move out of the blood vessels) to secondary sites more
efficiently (Fig. 2) than those stiff differentiated melanoma cells [93]. These findings suggest
a common thread in metastatic colonization of malignant tumors: a few tumorigenic TRCs
are able to metastasize and grow at the secondary sites of soft matrices because these cells
exert low forces, are soft and undifferentiated.

Mechanical forces and mechanotransduction are shown to be important not just in basic
research in biology. Advances in life sciences and medicine in the next 20 years will likely
depend much on the development of novel mechanical and engineering technologies.
Human organs-on-a-chip for novel drug screening [94], shear force-activated cleaning of
thrombosis [95], bioinspired surface coating to prevent thrombosis and biofouling [96],
mechanically-tuned hydrogels for bone formation [97], and tumor cell membrane-derived
therapeutic microparticles for reversing cancer drug resistance [98], are a few examples of
applications of mechanobiology-based technologies in medicine. Mechanobiology-based
medicine (Mechanobiomedicine or Mechanomedicine) is poised to emerge as an exciting
branch of medicine that uses mechanics- and engineering-based technologies for better
diagnostics and more effective therapeutics of diseases than currently commercially
available tools can provide.
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Outlook of mechanotransduction

Despite significant progress in understanding the cellular and molecular mechanisms of
mechanotransduction (Table 1), the current research is limited by the scope and the tools of
study. For example, we know very little why various cell types have vastly different
sensitivities to ECM stiffness and forces. We also do not know the underlying mechanisms
and the significance of why a particular cell type express different integrin types and why
several cell types express similar integrin subtypes. While many research groups have
focused on the molecular details of FA components and their force sensing dynamics, it is
rather challenging to visualize and to quantify two or more molecules at the same time to
understand the intricacies of physical interactions among these molecules at FAs and in the
depth of the cytoplasm. Combining super resolution fluorescence microscopy such as STED
(stimulated emission depletion) and PALM (photo-activated localization microscopy)/
STORM (stochastic optical reconstruction microscopy) [99] or the ultra-super resolution
fluorescence nanoscopy (called MINFLUX, a method that combines STED with PALM/
STORM to resolve 1-nm precision and spatial resolution of 6 nm) [100] with biophysical
probes [101, 102] may help advance the understanding in molecular mechanisms of
biophysical interactions among molecules in a living cell. We need to know better how
transcription or gene expression in the nucleus is controlled and regulated epigenetically by
mechanical forces and by biochemical signals. More importantly, we need to understand
how a living cell or a groups of interacting cells, whether normal or abnormal (e.g., a
malignant tumor cell), integrate all the stimuli (physical, chemical, and electrical) to respond
biologically in a coherent manner in living tissues.
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Figure 1. Long range mechanotransduction in the cytoplasm and the nucleus
A local shear stress of physiologic magnitudes and frequency is applied via integrins with a

Arg-Gly-Asp tripeptide coated magnetic bead. The applied force concentrates at the stress
fibers and propagates to long distances in the cytoplasm to directly activate enzyme Src [53]
and Racl [54] and into the nucleus to stretch chromatin to upregulate transcription [73].
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Figure 2. Soft melanoma tumor-repopulating cells extravasate efficiently to secondary sites of
metastasis

The melanoma tumor-repopulating cells (TRCs) are injected into the pericardial cavity (to
the left of the image, not shown) of a zebrafish. The undifferentiated soft TRCs arrest at the
tail and squeezed out of the small blood vessel (green color) more efficiently than the
differentiated stiff control melanoma cells. The efficient extravasation of the soft TRCs and
the ensuing micrometastasis formation and metastatic colonization is inhibited by
differentiating the TRCs with retinoic acid, stiffening F-actin with a polymerizing drug, or
promoting F-actin via overexpressing small GTPase Cdc42 (from [93]).
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