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The Biomechanical Integrin
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Abstract

The integrin lies at the center of our efforts to understand mechanotransduction in the human body.
Over the past two decades, a wealth of information has yielded important insights into integrin
structure and functioning in biochemical pathways; however, relatively little emphasis has been
placed on mechanics. In this article, we review the current knowledge base of integrin
mechanobiology by examining the role of integrins in stabilizing tissue structure, the mechanisms
of integrin force transfer, the process of cell migration, and the pathology of cancer. In order to
successfully address the gaps in cancer and other disease research going forward, future efforts of
integrin mechanobiology must focus on examining cells in 3D environments and integrating our
current understanding into computational models that predict the behavior of integrins in non-
equilibrium interactions.

Introducing: The Integrin

A cell surface protein that first received its name over two decades ago (Tamkun et al., 1986)
is now recognized as the central component of the most studied mechanotransduction circuit
to date (Chen, 2008; Paszek and Weaver, 2004; Puklin-Faucher and Sheetz, 2009). This protein
was called the “integrin,” a name that was intended to denote its physical structure as the
integral membrane protein that connects the extracellular matrix (ECM) to the cytoskeleton
(Hynes, 2004). Since this time, the fields of cell and molecular biology have yielded a wealth
of information regarding the structure of integrins and their role in several important
biochemical pathways (Katz and Yamada, 1997). In fact, the physical composition of the
integrin is now well-characterized; these transmembrane heterodimers consist of a and 8
subunits that are non-covalently bound (Alberts et al., 2008). The extracellular domain of the
integrin is comprised of a ligand-binding head that is connected to two legs, and each leg is
linked to the intracellular domain of the integrin via a single-pass transmembrane helix. A total
of 18 a.and 8 B subunits have been identified to date, whose combinations give rise to a family
of over 24 distinct integrins (Alberts et al., 2008). The extracellular domain heads bind with
specificity to several ECM components (Plow et al., 2000; van der Flier and Sonnenberg,
2001), the most notable including collagen, fibronectin, and laminin. In some instances,
integrins also mediate cell-cell attachments (Russell et al., 2003). While an equally thorough
understanding of integrin biophysical mechanisms has lagged behind, the evolution of
mechanaobiology as a discipline (Wang and Thampatty, 2006) has promoted an increasing
interest in the role of integrins in stabilizing tissue architecture (Ingber, 2003; Maniotis et al.,
1997), the forces transduced by integrins during cell migration (Lauffenburger and Horwitz,
1996; Wolf et al., 2003; Zaman et al., 2006), and the consequences of perturbed integrin
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mechanics in human pathophysiology and disease (Clark and Brugge, 1995; Weaver et al.,
2002). As we shall discuss later, an improved knowledge of integrin mechanics and
mechanisms stands to serve as a key component of potentially ground-breaking developments
in addressing cancer (Bosserhoff, 2006), which accounts for greater than 10% of all human
mortality worldwide (WHO, 2009).

Integrins Stabilize Tissue Structure and Architecture

The human body is organized as a hierarchy of structural units: at the macroscale, organs are
comprised of tissues, and at the microscale, tissues are comprised of cells surrounded by ECMs.
Both continuum and discrete element models have been proposed to describe the mechanical
state of tissue structure and architecture (Mofrad, 2009). One such discrete model is the
tensegrity (or, tensional integrity) model (Ingber, 2006), which describes the body as a set of
prestressed entities whose resting tensions are borne by filamentous structures (Ingber, 2003;
Wang et al., 2002) (e.g. cytoskeletal and ECM fibers (Wang et al., 1993)) that stabilize entire
tissues. In this context, integrins serve as the nanoscale mechanoreceptors that transmit forces
between the cytoskeleton and the ECM (Ingber, 2006) to maintain structural integrity of the
tissue. The majority of integrin-mediated attachments between ECM fibers and resting cells
exist at sites where the intracellular domain of an integrin attaches to a bundle of actin filaments,
also known as astress fiber (Figure 1). This specialized attachment site is called a focal adhesion
(FA) (Petit and Thiery, 2000; Puklin-Faucher and Sheetz) and ranges from approximately 1 —
10 um in length (Balaban et al., 2001; Beningo et al., 2001; Kato and Mrksich, 2004). FAs
consist not only of integrins, but also include several proteins (Figure 1) that stabilize the tissue,
anchor the actin filaments, and relay important biochemical signals (Wiesner et al., 2005).

Recent investigations have modeled the actin cytoskeleton of adherent cells as a cable network
of variable lattice geometry to investigate the intracellular propagation of mechanical stress
and stress distribution at FAs (Paul et al., 2008). The studies incorporated both theoretical
analyses and experimental data to examine the effect of cytoskeletal prestrain and externally
applied cellular forces. Results suggested that forces transduced by FAs depend more on FA
spatial distribution than on cytoskeletal network geometry (Paul et al., 2008) and thus have
provided insight into additional factors that govern tensional homeostasis in tissues (Tomasek
et al., 2002). Other models of tissue structure and architecture (Ko and McCulloch, 2001)
describe the tissue mechanical environment in terms of cellular circuits that consist of various
intercellular mechanotransduction elements, including but not limited to integrins, gap
junctions, adherens junctions, as well as cytokines. The circuits comprise a complex
multicellular sensor/effector system that dictates tissue remodeling by globally coordinating
cellular responses to mechanical stimuli (Ko and McCulloch, 2001).

In contrast to discrete element models of the cytoplasm, continuum models (Deshpande et al.,
2007; Mofrad, 2009) treat the cell as a homogeneous elastic or viscoelastic medium that
uniformly dissipates cell surface stresses over relatively short distances (< 10 pm) from the
cell membrane (Wang et al., 2009), thus ignoring the explicit role of integrins as force-
channeling conduits (Rosenbluth et al., 2008) that stabilize tissue structure. Alternative models
describe cells and tissues as soft glassy materials or poroelastic mediums. The former model
considers the cell as a soft elastic solid that exhibits stress-induced relaxation according to
characteristic time-scales (Bursac et al., 2005; Deng et al., 2006), whereas the latter treats the
cell as a two-phase material that consists of a porous elastic cytoskeletal network and a fluidic
cytosol that suffuses the network in response to pressure gradients generated by stresses applied
to the network (Mitchison et al., 2008; Rosenbluth et al., 2008). Given that continuum and
poroelastic models do not resolve cell-matrix interactions at the level of the integrin, an
improved understanding of integrin-mediated tissue homeostasis necessitates that future
models and experiments integrate aspects of discrete element theories, as well as the continual
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flow of experimental findings regarding integrin mechanics. Overall, integrin adhesion sites
can serve not only as very static interactions that stabilize the microstructure of a tissue via
focal adhesions (Petit and Thiery, 2000) or other sites such as hemidesmosomes that anchor
epithelial cells to underlying basement membrane (Jones et al., 1998), but they can also
participate in interactions that regulate the tissue mechanical state via mechanisms such as
activation of ion channels (Waitkus-Edwards et al., 2002). Deviation of normal integrin-
mediated tissue mechanical homeostasis can lead to several pathologies and is a major feature
of cancer (Paszek et al., 2005).

Integrins Bear Stress and Transmit Force

Several fluorescence and other imaging modalities have been utilized in correlating integrin-
mediated forces with integrin visualization (Worth and Parsons, 2008). The primary insights
into the nature and magnitude of forces transmitted by integrins have arisen from studies of
cell traction force (CTF) and single-molecule level experiments. Traction force is the
cytoskeletal tension exerted on the ECM via FAs (Figure 2), and has been measured in both
stationary (Balaban et al., 2001; Tan et al., 2003) and matile cells (Dembo and Wang, 1999;
Lee et al., 1994). In both motile and non-motile cells, this tension is born primarily by actin
stress fibers; CTFs exerted by a motile cell are additionally driven by actin polymerization at
the leading edge of the cell. Briefly, CTFs are determined using CTF microscopy techniques,
where cells are allowed to attach to well designed substrates that exhibit specific chemical and
mechanical properties (Burton and Taylor, 1997; du Roure et al., 2005; Reinhart-King et al.,
2003); the forces transmitted via FAs induce substrate displacements (Harris et al., 1980) that
are captured via microscopy imaging before and after substrate deformation. Substrate
displacements are then used to inversely calculate CTFs using one of several mathematical
formulations (Butler etal., 2002; Dembo and Wang, 1999; Yang et al., 2006). These techniques
yield CTF “maps” across the entire surface of the cell that is in contact with the substrate and
can then be compared with fluorescence microscopy visualization of integrins and additional
FA proteins (Worth and Parsons, 2008). CTFs have been measured in the range of 10 — 103
nN (Burton et al., 1999; Tan et al., 2003) and in general depend on FA maturation and FA
involvement in cell spreading and migration (Beningo et al., 2001). Tractions measured at
individual locations can be integrated over the entire cell surface to compute a total traction
force exerted by a cell on a substrate. While these methods do not provide direct measure of
force transmitted by an individual integrin, they do provide a wealth of insight into the integrin
mediated mechanical response of FAs to alterations of the extracellular environment. For
example, the magnitude of CTFs in stationary cells has been shown to increase proportionally
to FA size (Balaban et al., 2001; Tan et al., 2003) and depends on substrate stiffness (Lo et al.,
2000; Paszek et al., 2005). A more thorough review of CTF methods has been detailed by Wang
and Lin (Wang and Lin, 2007). Integrin mechanics have also been probed indirectly via studies
of cell detachment force. For this method, cells are seeded onto a ligand-coated coverslip,
which is then mounted upon a spinning disk that imparts acceleration-dependent shear stress
to the cells. An accounting of adherent cells remaining upon completion of the spin cycle
provides a measure of the detachment force required to break the integrin-ligand bonds (Garcia
et al., 1998). Typical shear detachment stresses have been measured in the range of 1 — 10 Pa
and have exhibited correlation with integrin and ligand densities (Garcia et al., 1998; Shi and
Boettiger, 2003) and integrin clustering (Paszek et al., 2005).

Another approach that has been used to investigate integrin-mediated force transmission across
the cell surface analyzes single integrin-ligand bonds to probe the local viscoelasticity of the
cell membrane region that anchors the integrin (Benoit and Gaub, 2002; Schmitz et al.,
2008). In this type of study, the integrin is viewed as a cell membrane “tether” that can be
stretched in tension and modeled as a viscoelastic Kelvin Body (Barakat, 2001; Bausch et al.,
1998). Here, atomic force microscopy is employed to pull a cell from its adhesive surface until
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a single integrin-ligand bond is ruptured. The resulting force versus distance curve is fit to a
Kelvin Body model which yields an estimate of the local membrane stiffness and viscosity and
the stiffness of the integrin-mediated attachment (tether stiffness). Previous studies have
estimated the tether stiffness to be on the order of 1076 N/m (Schmitz et al., 2008). Upon
analytical manipulation of the model, these parameters can further be used to compute
compliance of the integrin anchorage, which may contribute significantly to cell adhesiveness
(Schmitz et al., 2008), irrespective of intrinsic integrin-ligand conformational affinities
(Deshpande et al., 2008; Xiao et al., 2004; Zhao et al., 2009). Other single-molecule level
experiments examining rupture forces have revealed distinct activation barriers of the integrin-
ECM bond (Kokkoli et al., 2004; Li et al., 2003) by employing atomic force microscopy in a
manner similar to that of the aforementioned experiment. For example, pulling a cell from the
its ECM coated substrate at a loading rate of > 10 pN/s was found to increase the maximum
rupture force (on the order 100 pN) by approximately 50%, as compared to cells that were
pulled at a rate of < 104 pN/s (Li et al., 2003). Theoretical models (Bell et al., 1984; Evans and
Ritchie, 1997; Merkel et al., 1999) were then used to calculate energies from the force
measurements and indicated the presence of separate, force-dependent activation barriers of
integrin-ECM linkages.

Given the numerous findings borne from CTF and single-molecule level studies, it is well
established that cells sense external tension. Within a native cellular environment, this tension
is often manifested in the form of ECM stiffness and is detected by integrins. Transfer of this
force from the ECM to the inside of the cell via integrins induces remodeling of cytoskeletal
filaments, which can structurally protect the cell from detrimental external mechanical stimuli
(Maniotis et al., 1997; Wang et al., 1993). The notion of force transfer via integrins is further
supported by the fact that forces applied at non-adhesion cell membrane receptors merely
produce local effects that dissipate within the actin cortex along the inner surface of the
membrane (Wang et al.,2001). However, several additional studies have probed the forces
exerted by cells on two-dimensional substrata and estimate that FAs in fact transmit forces on
the order of 1072 N (Burton etal., 1999; Lee etal., 1994; Tan etal., 2003). Moreover, theoretical
models suggest that FA dynamics are linked to the thickness and elasticity of the ECM (Nicolas
and Safran, 2006). New experimental findings have also shown that blocking integrins on
cancer cells in three-dimensional (3D) matrices results in a reduction of intracellular stiffness
(Baker et al., 2009), further strengthening the paradigm that integrins relay force between the
cytoskeleton and the ECM.

Integrins Facilitate Cell Migration

In addition to imparting structural integrity to tissue architecture and transmitting force,
integrins play a significant mechanical role in cell migration, which constitutes a key aspect
of morphogenesis (Shih and Keller, 1992), wound healing (Chien et al., 2005), and cancer
(Zaman et al., 2006), among several other biological phenomena. In order for a cell to migrate
within its environment, integrins must rapidly undergo conformational changes that enable the
cell to rapidly attach to and detach from the ECM in a coordinated fashion (Lauffenburger and
Horwitz, 1996; Lock et al., 2008; Puklin-Faucher and Sheetz, 2009). Allosteric regulation,
governed by both intracellular and extracellular signaling cues, permits an integrin to switch
between its active state, wherein the integrin binds to both intracellular and extracellular
ligands, as well as an inactive state, for which ligands are released (Hynes, 2002a). We now
take a closer look at the integrin-dependent mechanical cycle (Puklin-Faucher and Sheetz,
2009) that underlies cell migration.

In response to both matrix mechanical cues (Harley et al., 2008; Lo et al., 2000; Pelham and
Wang, 1997; Peyton and Putnam, 2005; Raeber et al., 2008; Zaman et al., 2006) and local
chemical stimuli (Doerr and Jones, 1996; Russell et al., 2003), a migrating cell develops
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directional polarity that manifests as protrusion of the cell’s leading edge. Membrane
protrusions, in the form of either pseudopodia, filopodia, or lamellipodia (the most extensively
studied (Alberts et al., 2008)), are the result of actin polymerization in the direction of cell
movement and are regulated by the Rho GTPases Rac and Cdc42 (Goldfinger et al., 2008;
Jaffe and Hall, 2005). Protrusion transports integrins to the leading edge, where their 3 subunits
first bind to ECM proteins (Worth and Parsons, 2008). Engagement of the integrin with the
ECM ligand commences integrin activation, inducing a conformational change that permits
rapid binding of the cytoplasmic f tail to the actin cytoskeleton via the talin anchorage protein
(del Rio et al., 2009; Wegener et al., 2007), as well as actin stabilizing proteins vinculin and
paxillin (Clark and Brugge, 1995). Binding of these stabilizing proteins exposes their own
additional binding sites which in turn recruit signaling proteins FAK and Src (Worth and
Parsons, 2008). Incremental recruitment of these anchorage and signaling proteins signals
sequestration of additional integrins, which yields a relatively small, transient cluster of
integrins (10-100 nm in length), termed a focal complex (Puklin-Faucher and Sheetz, 2009;
Worth and Parsons, 2008).

The growing end of an actin stress fiber generates a traction force across the nascent focal
complex, resulting in the recruitment of zyxin (Zaidel-Bar et al., 2003), additional signaling
proteins, and integrin clustering along the leading edge to form a FA. Surprisingly, focal
complexes at the leading edge of matile cells have been found to generate relatively high
traction stresses (on the order of 103 Pa) before aggregating into larger, mature FAs (Beningo
et al., 2001) that anchor the actin stress fibers to the matrix as the cell crawls over these sites.
Forward migration in concert with contraction of the rear cell body to overcome ECM resistive
adhesive traction forces results in disassembly of spent FAs, whose integrins and remaining
protein components are then recycled to the leading edge of the cell to participate in new FAs
(Lauffenburger and Horwitz, 1996; Puklin-Faucher and Sheetz, 2009; Vogel and Sheetz,
2006; Zaidel-Bar et al., 2003). Insight into the role of integrins in cell migration has increased
rapidly in recent years, and determining the numerous proteins and mechanisms involved in
FA assembly is an active area of research (Ridley et al., 2003) that stands to illuminate the
mechanisms of cancer metastasis (Caswell et al., 2007) and other disease processes.

Integrins Influence Key Cellular Processes

A hallmark of integrin functionality is the ability of these receptors to exhibit bi-directional
signaling (Arnaout et al., 2007; Hynes, 2002a). For example, intracellular signaling can cause
the cytoskeleton to effect changes in the affinity of integrin-ligand binding, constituting inside-
out signaling; in the case of cell motility, this binding results in remodeling of the ECM. On
the other hand, the same integrin-ECM binding, in part depending on matrix rigidity (Pelham
and Wang, 1997), can also induce structural changes in the linked cytoskeleton (Geiger et al.,
2001), thereby utilizing an outside-in signaling cascade to inversely regulate motility (Vogel
and Sheetz, 2006). Beyond its role in cell motility, integrin signaling influences a wide variety
of cellular processes and cellular features. These include, but are not limited to, proliferation
(Mainiero et al., 1997), apoptosis (Schwartz and Ingber, 1994), development (Katz and
Yamada, 1997), angiogenesis (Hynes, 2002b), gene expression (Ritzenthaler et al., 2008), and
morphology (Chen et al., 1994). The major classes of proteins involved in these integrin-
mediated signal transduction processes consist of kinases, SH2-SH3 related molecules,
GTPases, and phospholipid mediators; detailed pathways involving the myriad of individual
protein contributors have been reviewed elsewhere (Clark and Brugge, 1995; Yamada and
Miyamoto, 1995).
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Integrins Contribute to Disease

Given the extensive involvement of integrins in key cellular processes, it follows that perturbed
integrin mechanics contributes significantly to several pathophysiological and disease states
(Wehrle-Haller and Imhof, 2003), such as deleterious embryonic development, autoimmune
diseases, cardiovascular diseases, and cancer (Schwartz and Ginsberg, 2002). For example,
cardiovascular cells produce several ECM components and continually remodel the ECM in
response to both static and cyclic mechanical strains (Gupta and Grande-Allen, 2006) sensed
by activated integrins and other cell-surface receptors. Hypertension, atherosclerosis, and
cardiac hypertrophy are just a few of the cardiovascular pathologies that can develop over time
as a result of disturbed integrin-mediated mechanics and loss of native cellular contractility
(Li and Xu, 2000; Ross and Borg, 2001). The major platelet integrin (aVB3) has become the
target of clinical therapies aimed at treating arterial thrombosis (Shattil and Newman, 2004),
and numerous cardiovascular studies are now focusing on the role of integrin mechanics in
angiogenesis (Ingber, 2002; Serini et al., 2006). Studies illuminating angiogenesis are
advancing the fields of both cardiovascular science (Hynes, 2007) and cancer, owing to the
critical involvement of angiogenesis in metastasis (Hanahan and Weinberg, 2000).

Integrins Facilitate Cancer Progression

Indeed, several recent investigations have shown that integrin mechanics are altered in cancer
(Guo and Giancotti, 2004; Nikolopoulos et al., 2004), facilitate metastasis, and drive expression
of the malignant phenotype (White et al., 2004). A significant finding examining tumorigenesis
revealed that matrix stiffness and cytoskeletal stress are functionally linked through key
signaling proteins that cooperate to drive FA assembly, contributing to a rigid tumor
microenvironment (Paszek et al., 2005). Additional studies indicate that in some instances,
integrin-induced tissue polarity plays a role in conferring resistance to apoptosis, a hallmark
of cancer, in both nonmalignant and transformed breast tissues (Weaver et al., 2002). The
reduced requirement of integrin-mediated cell anchorage is another trait that is unique to cancer
cells and is particularly evident in in vitro culture systems (Zahir et al., 2003). While normal
cellular processes such as survival and proliferation necessitate anchorage-dependent
mechanotransduction (Assoian, 1997), cancer cells instead receive analogous signals from
oncogenes or indirectly via the loss of tumor suppressor genes (Hanahan and Weinberg,
2000), therefore relieving their dependence on matrix adhesion. This is consistent with findings
that show cancer cell growth insensitivity to substrate stiffness (Wang et al., 2000) and internal
cancer cell stiffness insensitivity to two-dimensional matrix stiffness (Baker et al., 2009 Baker
et al., in press) as compared to non-transformed cells (Discher et al., 2005).

Integrin Mechanobiology: The Next Frontier

While there has been significant progress in understanding the role of integrins in
mechanobiology, the overall systems-level picture is, at best, incomplete (Figure 3). In
particular, direct quantitative measurements of integrin-relayed forces in healthy and diseased
cells within native (or native-like) environments are lacking. This lack of specific context-
dependent information has particularly limited our ability to understand how integrins on
specific cells interact with dynamic changes in their extracellular environments in order to
regulate adhesion, migration, and inside-out signaling. The behavior of extracellular mechano-
chemical properties is also critical to comprehending the physical dynamics of integrins on
membranes in 3D tissue environments. The random or persistent diffusion of integrins within
membranes is not only a function of integrin structure but is also dependent on the mechanical
properties of the lipid bilayer and the surrounding environment (Ballestrem et al., 2001;Palecek
et al., 1996;Pankov et al., 2000). Given the dearth of definitive evidence regarding the nature
of integrin clustering in vitro and within 3D in vivo environments, the exact role of matrix
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regulation of this phenomenon remains elusive. Current experiments have also failed to provide
a direct measure of integrin-relayed force, cluster formation kinetics, and adhesion strength in
native environments, and our ability to make connections among the wealth of integrin
mechanics findings will remain largely qualitative unless we are able to measure these forces
directly in 3D.

Efforts in the computational realm have focused largely on continuum level models and have
not incorporated molecular level information. Thus, these approaches have had some success
at the bulk level but have not been able to capture the detailed mechano-chemical interactions
between integrins and the ECM. In particular, the effects of deleterious mutations that lead to
various diseases have been beyond the scope of most computational or mathematical modeling
techniques thus far. The success of mathematical models relies not only on accurately capturing
and quantifying what is already known about integrin mechanics, but also rests on predicting
what is unknown. To date, we have not developed sophisticated computational models that
allow us to make quantitative predictions with relevance to molecular interactions of integrins
in normal and diseased systems. Two major challenges persist and must be overcome before
mathematical models and computational approaches can provide useful and quantitative
disease-relevant information regarding integrin mechanobiology at the molecular level. The
first challenge is the scarcity of reliable, high resolution integrin crystal structures, which are
needed to form the basis of equilibrium and non-equilibrium molecular dynamics; this is
perhaps the single, largest obstacle to obtaining in silico predictive data about the effect of
mutations on integrin structure, conformations, clustering, and binding. Membrane proteins
are particularly difficult to crystallize, and consequently, only a handful of these crystal
structures have been obtained. The second major hindrance is the lack of reliable multi-scale
computational methods that can translate information at the amino acid level to forces and
mechano-chemical interactions at the macromolecular and cellular level. In this regard, there
have been some developments in the last few years that have employed polymer statistical
physics to extend alterations in integrin molecular structure to adhesion at the cellular level
(Yangand Zaman, 2007a; Yang and Zaman, 2007b; Yang and Zaman, 2008a; Yang and Zaman,
2008b). However, these tools have largely focused on equilibrium systems and have given little
attention to the non-equilibrium scenarios that are often encountered in vivo. Extension of these
models to non-equilibrium scenarios and complex native environments would be of
tremendous value to fundamental and applied biologists engaged in understanding integrin
mechanaobiology with respect to cell biology and molecular medicine.

Recent efforts at the interface of mechanics and biology has yielded an improved understanding
of many biological phenomena, such as cardiovascular mechanisms (Hynes, 2007; Ingber,
2002; Ross and Borg, 2001; Shyy and Chien, 1997) and stem cell differentiation (Dobson,
2008; Docheva et al., 2007; Fox et al., 2007; Janes et al., 2002; Papayannopoulou et al.,
2001; Suzuki et al., 2003; Voermans et al., 2000). Unfortunately, similar inroads have not been
made in cancer, despite the wealth of knowledge implicating integrin structure and function in
nearly all stages of tumor progression and metastasis. Due to its complexity, the
mechanobiology of cancer remains largely unclear. A systems-level understanding of cancer
should include not only the genetic and signaling components, but must also incorporate the
underlying mechanical machinery that allows for tumor growth, angiogenesis, invasion, and
metastasis.

Since the discovery of integrins over two decades ago, the study of integrins with respect to
fundamental cell biology and disease has largely been associated with structural and
biochemical information. Relatively little emphasis has been placed on integrin
mechanobiology, even though many processes regulated by integrins in healthy and diseased
cells are highly mechano-sensitive. Hence, the role of integrin mechanobiology in disease
regulation is still underappreciated. While there have been significant improvements in both
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experimental and computational tools to quantify integrin-matrix mechanical interactions,
there is a critical need for applying these tools to robust, well-characterized, and relevant
disease models in vitro and in vivo. These connections are essential not only to developing an
accurate comprehension of integrin mechanobiology in physiological systems, but also to
navigating the complex landscape of disease, which will ultimately lead to efficient, patient-
specific therapeutic targets.
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Figure 1.

Illustration of a focal adhesion (FA). B subunits of activated integrins bind to ECM ligands on
the extracellular side of the cell membrane, as well as both directly and indirectly to various
mechanical anchorage and signaling proteins on the cytoplasmic side of the membrane. While
determining FA composition comprises an active area of research, several of the most well
understood FA constituent proteins are depicted. They include anchorage proteins talin,
vinculin, paxillin, and a-actinin, as well as signaling proteins FAK, Src, and zyxin, which is a
major component of a mature FA.
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Figure 2.

Illustration of cell traction forces (CTFs) generated during cell migration. Actin polymerization
facilitates protrusion of the leading edge that is accompanied by traction forces exerted across
nascent focal complexes and mature focal adhesions (Wiesner et al.) (Wiesner et al.). Forward
protrusion in concert with contraction of the rear cell body overcomes ECM resistive adhesive
tractions to allow forward cell migration.
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pathology

Systems-level view of integrin mechanobiology. Over the past two decades, the study of
integrins has largely been associated with structural and biochemical information. Although
relatively little emphasis has been placed on integrin mechanobiology, recent strides have been
made in elucidating the role of integrins in tissue structural maintenance, mechanotransduction,
cell migration, and pathophysiology. In order to successfully navigate the complex landscape
of diseases such as cancer, future efforts of integrin mechanobiology must focus on examining
cellsin 3D environments, accurately integrating the current knowledge base into computational
models, and understanding the behavior of integrins in non-equilibrium interactions.
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