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Summary

The major challenge in biology today is biocomplexity: the
need to explain how cell and tissue behaviors emerge from
collective interactions within complex molecular networks.
Part | of this two-part article, described a mechanical
model of cell structure based on tensegrity architecture that
explains how the mechanical behavior of the cell emerges
from physical interactions among the different molecular
filament systems that form the cytoskeleton. Recent work
shows that the cytoskeleton also orients much of the cell’s
metabolic and signal transduction machinery and that
mechanical distortion of cells and the cytoskeleton through

switch cells between distinct gene programs (e.g. growth,
differentiation and apoptosis), and this process can be
viewed as a biological phase transition. Part Il of this
article covers how combined use of tensegrity and
solid-state  mechanochemistry by cells may mediate
mechanotransduction and facilitate integration of chemical

and physical signals that are responsible for control of cell
behavior. In addition, it examines how cell structural

networks affect gene and protein signaling networks to
produce characteristic phenotypes and cell fate transitions
during tissue development.

cell surface integrin receptors can profoundly affect cell
behavior. In particular, gradual variations in this single
physical control parameter (cell shape distortion) can
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Introduction importance of the physical nature of the biochemical world.

Biology and medicine are currently undergoing a paradignfFnzymes such as RNA polymerase generate as much force as
shift. Up until now, we have focused on identifying themolecular motors (Mehta et al., 1999); cells exert tractional
molecular components that comprise life, with the hopdorces on microparticles greater than those that can be applied
that rigorous characterization of all the parts will lead toby optical tweezers (Schmidt et al., 1993); and behaviors
understanding of the whole. As a result of sequencing theequired for developmental control, including growth,
genomes of multiple organisms, including the human, it is nowlifferentiation, polarity, motility, contractility and programmed
clear that there is more to the equation: the whole is trulgell death, are all influenced by physical distortion of cells
greater than the sum of its parts. Thus, biology is shifting awaijirough their extracellular matix (ECM) adhesions (Folkman
from reductionism and towards the development of methodgnd Moscona, 1978; Ben-Ze'ev et al., 1980; Ingber et al., 1986;
and approaches necessary to deal with ‘biocomplexity’. Thei et al., 1987; Ben-Ze'ev et al., 1988; Ingber and Folkman,
challenge is to understand how complex cell and tissu&989; Opas, 1989; Ingber, 1990; Mochitate et al., 1991,
behaviors emerge from collective interactions among multipl&inghvi et al., 1994; Chen et al., 1997; Lee et al., 1997; Dike
molecular components at the genomic and proteomic leves al., 1999; Parker et al., 2002). These insights teach us that,
and to describe molecular processes as integrated, hierarchitfave truly want to explain biological regulation and to confront
systems rather than isolated parts. the complexity problem, we must consider how molecular
Another driving force behind this paradigm shift is thesignaling pathways function in the physical context of living
resurgence of interest in mechanical forces, rather thatells and tissues.
chemicals cues, as biological regulators. Clinicians have come But how does a physical force applied to the ECM or cell
to recognize the importance of mechanical forces for thdistortion change chemical activities inside the cell and control
development and function of the heart and lung, the growth dissue development? The answer lies in molecular biophysics;
skin and muscle, the maintenance of cartilage and bonbpwever, it also requires that we take an architectural
and the etiology of many debilitating diseases, includingperspective and consider both multi-molecular and hierarchical
hypertension, osteoporosis, asthma and heart failur@teractions (Ingber and Jamieson, 1985; Ingber, 1991, Ingber,
Exploration of basic physiological mechanisms, such as sourf®97; Ingber, 1999; Chen and Ingber, 1999). First, it is critical
sensation, motion recognition and gravity detection, has aldo point out that many of the enzymes and substrates that
demanded explanation in mechanical terms. At the same timmediate protein synthesis, glycolysis and signal transduction
the introduction of new techniques for manipulating andappear to be immobilized on insoluble molecular networks
probing individual molecules and cells has revealed thevithin the cytoskeleton that provides shape to the cell (Ingber,
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1993; Wang et al., 1997; Janmey, 1998). Regulatory moleculésstead, the stress-sensitive channels seem to sense mechanical
involved in DNA synthesis and RNA processing similarly signals from inside the cell, through their molecular linkages
associate with analogous scaffolds in the nucleus (Pienta et db,the cytoskeleton (reviewed in Alenghat and Ingber, 2002).
1991). This type of ‘solid-state’ biochemistry differs from our The tensegrity model of cell structure described in Part |
conventional view of cell regulation because it is not diffusiorof the article explains how the cytoskeleton responds to
limited and insoluble biochemical activities may be regulatesnechanical stress (Ingber, 2003). In the model, cells generate
independently from those that act freely in the cytosoltheir own internal tension or prestress in the actin cytoskeleton,
Moreover, an analogous system is observed at the tissue lewshich is balanced by internal microtubule struts and external
where growth factors and tissue-remodeling enzymes ateCM adhesions. In other words, adherent cells exist in a state
similarly immobilized on insoluble ECM scaffolds (Folkman of isometric tension, and thus any external mechanical load is
et al., 1988) or on the external surface of transmembrane ECivhposed on a pre-existing cellular force balance. Thus, the
receptors (Boger et al., 2001). cellular response to stress may differ depending on the level of
In Part | of this two-part Commentary, published in the lastension in the cell, much like tuning a guitar string alters the
issue of JCS (Inger et al., 2003), | described how a mechanidane it creates when strummed. The tensegrity model is a
model of cell structure based on tensegrity architecture (Fullemechanical paradigm, and hence it does not per se explain
1961) explains how the mechanical behavior of cells emergehemical behavior in living cells. However, it does provide a
from collective interactions among multiple molecularmechanism to distribute and focus mechanical forces on
filaments within the cytoskeleton. A mathematical formulationdistinct molecular components throughout the cell.
of this theory has led to a priori predictions of static and Because the tensegrity model indicates that the molecular
dynamic mechanical behaviors that closely mimic thosdilament networks that form the cytoskeleton and link to
exhibited by living cells. The model also revealed that théransmembrane adhesion receptors are the primary load-
critical determinants behind the emergence of these compléearing elements in the cell, it provides a potential mechanism
behaviors are architecture (three-dimensional arrangement tf link mechanical stresses applied at the tissue and organ level
the elements) and the level of prestress (isometric tension) fo changes in molecular chemistry inside the cell. Specifically,
the cytoskeleton. Both of these parameters are, in turpursuit of the tensegrity theory led to the concept that
controlled by adhesive (mechanical) interactions between celtaechanical signals that are transferred across cell surface
and ECM. In addition, the tensegrity model provides a physic&CM receptors, such as integrins (Wang et al., 1993), can
basis to explain the behavior of molecules in context of thée transduced into a chemical response through distortion-
structural hierarchies in which they normally function (i.e.dependent changes in cytoskeletal structure either locally at the
multicellular organisms composed of organs, tissues and cellsjte of receptor binding or distally at other locations inside the
Here, in Part Il of the article, | discuss how combined use afell (Ingber and Jamieson, 1985; Ingber, 1991; Ingber,1997).
tensegrity and solid-state mechanochemistry by cells might In fact, results from many studies with various cell types and
mediate mechanotransduction and integrate the variousodel systems show that mechanical stress application to
physical and chemical signals that are responsible for contraitegrins can alter cytoskeletal structure and activate signal
of cell behavior. | also explore how these structural networkransduction and gene expression in a stress-dependent manner
influence cellular information-processing networks to producéWang et al., 1993; Schmidt et al., 1993; Wilson et al., 1995;
characteristic phenotypes and cell fates during tissu¥ano et al., 1996; Chen and Grinnell, 1997; Glogauer et al.,
morphogenesis. 1997; D’'Angelo et al., 1997; Salter et al., 1997; Chicurel et al.,
1998b; Lynch et al., 1998; Pavalko et al., 1998; Low and
] Taylor, 1998; Chen et al., 1999; Schwartz et al., 1999; Meyer
Adhesion receptors as mechanoreceptors et al., 2000; Lee et al., 2000; Wozniak et al., 2000; Chen et al.,
It has been known for more than a century that mechanic@001; Jalali et al., 2001; Wang et al., 2001b; Maroto and
forces influence pattern formation in various tissues, orgartdamill, 2001; Goldschmidt et al., 2001; Riveline et al., 2001;
and organisms (Wolff, 1892; Koch, 1917; Thompson, 1952)Liu et al., 2002; Urbich et al., 2002). These studies also show
Although it is clear that individual cells mediate the respons¢hat mechanochemical transduction proceeds, at least in part,
to stress, the molecular basis of mechanotransduction — tha the cytoskeletal backbone of the focal adhesion complex
mechanism by which mechanical forces are transduced intotlaat forms at the site of integrin binding (Glogauer et al., 1997;
biochemical response — has remained an enigma. Past mod€ksicurel et al., 1998b; Chen et al., 1999; Meyer et al., 2000;
of mechanoregulation assumed that mechanical forcedlozniak et al., 2000; Riveline et al.,, 2001). Analysis of
influence cell behavior as a result of generalized distortiomechanical signaling within the motor nerve terminal similarly
of the cell membrane. However, many types of signalingeveals that stress-dependent activation of calcium signaling is
molecule, including various stretch-sensitive ion channelsnediated by integrins and the effect is so rapid (<10 mseconds)
protein kinase C, focal adhesion kinase (FAK), extracellulathat forces must be transferred directly from the integrins to
signal-regulated protein kinase (ERK), Rho, heterotrimeric Gdjacent calcium channels in the synaptic adhesion complex
proteins and adenylyl cyclase, can be involved in the chemic§Chen and Grinnell, 1997). Mechanical forces applied to
signaling response that is elicited by a mechanical stimulustegrins, but not to control transmembrane proteins such
(Ingber, 1991; Ingber, 1997; Davies, 1995; Janmey, 199&s metabolic acetylated-low density lipoprotein (Ac-LDL)
Chicurel et al., 1998a; Alenghat and Ingber, 2002). Moreovergceptors, growth factor receptors or HLA antigens, also
most of these are intracellular, and even the ion channels thattivate intracellular cAMP signaling and recruit components
are exposed on the cell membrane do not appear to sersfehe protein synthesis machinery (e.g. ribosomes and polyA-
physical forces under physiological conditions directly. mRNAS) directly at the site of integrin binding (Chicurel et al.,
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1998b; Meyer et al., 2000; Riveline et al., 2001). In additionCytoskeletal restructuring in response to external stress
forces applied to integrins produce a stress-dependent incredheough integrins also normally requires maintenance of
in focal adhesion assembly that is mediated through the smaltoskeletal tension generation (i.e. cellular prestress)
GTPase, Rho (Riveline et al., 2001; Balaban et al., 2001Chicurel et al., 1998b; Wang et al., 2001a; Balaban et al.,
Galbraith et al., 2002), and the sustained response @0D01). Forces transmitted across transmembrane integrin
endothelium to fluid shear stress appears to require continuoreceptors thus appear to be converted into chemical and
formation of new integrin-binding complexes (Jalali et al.,electrical signals inside the cell as a result of their transmission
2001). Importantly, stress-activated signals transmitted bgcross discrete cytoskeletal linkages and associated changes in
integrins are distinct from signals elicited by integrin receptothe cytoskeletal force balance (Fig. 1).

clustering alone (Chicurel et al., 1998b; Meyer et al., 2000), Although there has been less emphasis on the role of other
although both signaling mechanisms appear to require focalansmembrane adhesion receptors in mechanotransduction, it
adhesion formation and, thus, associated cytoskeleté clear that they also preferentially mediate transmembrane
rearrangements (Plopper et al., 1995; Miyamoto et al., 1995{prce transfer to the internal cytoskeleton relative to non-

Mechanotransduction through integrins
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Fig. 1. A schematic diagram of how forces applied via the ECM (A) or directly to the cell surface (B) travel to integrin-anchored focal
adhesions through matrix attachments or cytoskeletal filaments, respectively. Internally generated tension and forces tracathitell
contact similarly reach focal adhesions through the cytoskeleton. Forces concentrated within the focal adhesion (magtaifredfahbo
figure) can stimulate clustering of dimerig[§) integrin receptors and induce recruitment of focal adhesion proteins [e.g. Vinculin (Vin),
Paxillin (Pax), Talin (Tal)] that connect directly to microfilaments and indirectly to microtubules and intermediate filaenexitsiftegrins
can also connect directly to intermediate filaments, for example, within hemidesmosomes). Forces applied to this spexsabietdicyt
adhesion complex activate integrin-associated signaling cascades, which among others, include such protein as focahask¢sRIK) ki
extracellular signal-regulated protein kinase (ERK), Shc, Rho, mDial, caveolin-1 (cav-1), CD47, heterotrimeric G-protgate eyidase
(AC) and protein kinase A (PKA).
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adhesion receptors. For example, E-selectin mechanical
couples to the internal cytoskeleton by forming a specialize
adhesion complex that shares some components with foc
adhesions (Yoshida et al., 1996). Cadherins that link to th
actin cytoskeleton also mediate transmembrane mechanic
coupling in epithelial cells (Potard et al., 1997). Thus, similai
mechanochemical conversion mechanisms may proceed

junctional adhesion complexes and focal adhesions; howeve 10 pm
this remains to be demonstrated directly. - = B

20 pm

Mechanical and chemical signal integration at the whole
cell level

One of the most important insights from the tensegrity mode
is that it suggests that mechanoregulation is not based «
changes in the activity of any single mechanoreceptor c i
transduction molecule. Instead, mechanical signal processit ) )
and integration proceeds at the level of the whole cell (Ingbe
1999), because this is the level at which the cellular forc
balance is established (Ingber, 2003). For example, applicatic
of mechanical stress to integrins produces the sarr
intracellular increase in cAMP within both round and spreac
endothelial cells (Meyer et al., 2000). Yet, the round cells
integrate this signal with other inputs and switch on ar
apoptosis response, whereas the spread cells proliferate (F
2) (Chen et al., 1997). Apoptosis rates also differ depending ¢
the three-dimensional organization of tissue architecture
which again is associated with changes in cell shape and EC
mechanics (Weaver et al., 2002). Other cellular behavior:
including differentiation, motility, and contractility, can be
similarly altered by changing cell shape or ECM rigidity (Li et Cell distortion

al., 1987; Ben-Ze'ev et al., 1988; Opas, 1989; Singhvi et al

1994; Mochitate et al., 1995; Lee et al., 1997; Dike et al., 199¢Fig. 2. Cell distortion-dependent switching between distinct cell
Parker et al., 2002). In general, in the case of most adherefates. (Top) Phase contrast microscopic images of capillary

cells, spread cells grow, retracted cells differentiate and fullendothelial cells whose shape, size and orientation were controlled
round or detached cells undergo apoptosis, even though all musing the corresponding micropatterned adhesive substrate designs
be stimulated with optimal levels of growth factors and ECM(20 or 50um circles or 1qum wide lines) shown above in gray that
binding (Fig. 2). Thus, large-scale distortion of the cellvere coated with a constant fibronectin density. Although cells were
produces signals that are distinct from those elicited by bindincultured in the same growth-factor-containing medium, well spread

. individual adhesi In thi cells on large circles proliferated, retracted cells on the small circles
or stressing individual adhesion receptors. In this mannenqenvent apoptosis, and cells on linear patterns that exhibited an

the physical state of the whole cell facilitates higher-ordejntermediate degree of spreading differentiated into hollow capillary
signal integration that ultimately determines the physiologicatubes (for details, see Chen et al., 1997; Dike et al., 1999).
response. (Bottom) A schematic summary of cell-distortion-dependent

Analysis of the mechanism by which cell distortion switchesswitching between growth, differentiation and apoptosis that has
cells between different phenotypes has confirmed théoeen demonstrated using micropatterned substrates of different size
cytoskeletal structure and prestress both contribute to thid various cell types, as described in the text.
response. Cell cycle progression and motility (lamellipodia
formation) can be inhibited by disruption of the actin
cytoskeleton or inhibition of cytoskeletal tension generatioret al., 2002). These findings are consistent with the use of
(lwig et al., 1995; Bohmer et al., 1996; Huang et al., 1998tensegrity by cells, and they show that, although local forces
Parker et al., 2002), whereas cytoskeletal disruption alongan produce local responses in cells (e.g. focal adhesion
promotes apoptosis (Flusberg et al., 2001). Dissipation dbrmation) (Chicurel et al., 1998b; Riveline et al., 2001;
cytoskeletal prestress also abrogates the effect of mechani&dlaban et al., 2001), global structural alterations at the level
stress on gene expression in endothelial cells (Chen et abf the whole cytoskeleton govern the cell's physiological
2001). In addition, ECM-dependent changes in the cellularesponse to mechanical stress. A medically relevant example
force balance alter cytoskeletal tension generation (T. Polte amglthe application of fluid shear stress to cultured endothelial
D.E.l., unpublished), cytoskeletal structure (Mochitate et al.cells. This activates multiple signal transduction pathways;
1991) and focal adhesion formation (Balaban et al., 2001), dowever, signaling stops once the cells remodel their
well as cell growth, differentiation, motility and apoptosis incytoskeletons and realign themselves with the flow, even
response to chemotherapeutic agents (Li et al., 1987; Behough they experience the same shear stress on their surface
Ze'ev et al., 1988; Opas, 1989; Mochitate et al., 1991; Weavenembranes (Davies, 1995). Thus, it is the ability of the

Apoptosis  Differentiation Growth
5 e,
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endothelium to align its cytoskeleton along physiological stressell tension for fibronectin fibril assembly (Schwarzbauer and
field lines that prevents pathological responses, such &sechler, 1999).
expression of inflammatory cytokines, under normal flow Altering molecular shape through application of stress to
conditions. integrins and cytoskeletal filaments might also alter kinetic
parameters. Imagine a spring fixed at its base that vibrates at a
certain frequency: change the size, shape or center of gravity
Mechanochemistry at the molecular level of this spring, and its vibration frequency will be altered, much
So how does a mechanical stress applied to the cell surface tie¢ a metronome. Changing the shape of the molecule (e.g.
transduced into a chemical response inside the cell? If cells udeough cytoskeletal distortion) will similarly alter its kinetic
tensegrity, then, when a distending force is applied to celbehavior and, hence, alter its chemical rate constant (Fig. 3
surface adhesion receptors, the mechanical load will bleottom). When stress-sensitive ion channels experience
transferred to linked cytoskeletal elements. These internahechanical stress through their cytoskeletal linkages, they
load-bearing filaments in the cytoskeleton will either distort osimilarly alter the rate of their opening or closing. The use of
break. Experiments show that cytoskeleton-receptor linkaggensegrity and prestress by proteins to stabilize their shapes at
do not break when forces are applied to integrins, wheredase molecular level (Ingber, 2003) may facilitate this response
breakage is observed when the same stress is applied aod provide a means to couple physical distortion owing to
transmembrane metabolic (Ac-LDL) receptors (Wang et allarge-scale forces, such as gravity, at the macroscopic (tissue
2001a). If the cytoskeletal filaments and associated regulatoand organ) level to molecular shape changes on the nanometer
molecules distort without breaking when
integrins are stressed, then some or all o
molecules that comprise these structures Cellular mechanochem istry
similarly change shape.
When the shape of a molecule is alterec
biophysical properties change. For exam
theoretical studies predict that extending
decompressing a microtubule will chai Tensegrity
the critical concentration of tubulin Force Balance
thermodynamic parameter that controls
balance between monomer and polymer)
thereby promote microtubule assembly (
and Kirschner, 1982). If cells use tenseg
then ECM tethers and microtubule st
function in a complementary manner to re
cytoskeletal tension [Fig. 3 top; also
Fig. 2B in Part | (Ingber, 2003)]. Tht
when integrins are pulled, microtubu
will be decompressed, and microtub
polymerization should be promoted (Fig
bottom). In fact, this precise response
been demonstrated in various types
cultured cell, including nerve cells a
smooth muscle cells (Joshi et al., 1¢
Buxbaum and Heidemann, 1988; Denner
al., 1988; Dennerll et al., 1989; Putnam el _ o _ _ _
1998: Putnam et al., 2001: Kaverina et Fig. 3.Cc_>ntr|_but|on of cellular tens_egrlty to mechanochemical transduction. (Top) A
2002). Although altering stresses aci schematic diagram of the tensegrity-based complementary force balance between tensed
integrins does not alter microtub microfilaments, compressed microtubules and transmembrane integrin receptors (gray
S oval dimer) in living cells (intermediate filaments are not shown for simplicity) (for
polymerization in IIVQr cells, the steady-st details, see Ingber, 2003). Black forms indicate regulatory proteins and enzymes that are
level of soluble tubulin monomer change:  physically immobilized on load-bearing cytoskeletal filaments; red oval represents a
a manner consistent with a similar strc  transmembrane protein that does not link to the internal cytoskeletal lattice.
induced change in the critical concentra  (Bottom) When force is applied to integrins, thermodynamic and kinetic parameters
of tubulin (Mooney et al., 1994). Mechani  change locally for cytoskeleton-associated molecules that physically experience the
forces transmitted across adhesion rece  mechanical load; when force is applied to non-adhesion receptors that do not link to the
may therefore alter intracellular biochemis  cytoskeleton, stress dissipates locally at the cell surface, and the biochemical response is
by altering thermodynamic paramet Muted. In this diagram, new tubulin monomers add onto the end of a microtubule
locally (i.e. within load-bearing cytoskele (yellow symbols) when tension is applied to integrins, and the microtubule is
scaffolds) in living cells (Ingber ai decornpressed as a result of a.change. in the.crltlcal concentration of tubulin. Trre blug
Jamieson, 1985; Ingber, 1997). A sim form indicates a molecule that is physically dr_stort_ed t_)y stress transferred from integrins
' ’ ! ) to the cytoskeleton and, as a result, changes its kinetics (increases its rate constant for
form of mechanochemistry may occur  chemical conversion of substrate 1 into product 2). In this manner, both cytoskeletal
ECM scaffolds in the extracellular milieu,  structure (architecture) and prestress (tension) in the cytoskeleton may modulate the
shown, for example, by the requiremen  cellular response to mechanical stress.

New Monomers Added -

No effect
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scale, resulting in altered chemical reaction rates (Ingber, 199

Chen and Ingber, 1999). Mechanical control of morphogenesis

Tissue morphogenesis in context

How could such mechanical mechanisms contribute to tisst
patterning? Again, one must consider molecular regulation i
the physical context of the whole living tissue. Analysis of the
mechanisms of epithelial morphogenesis and angiogenesis
revealed that tissue remodeling is mediated by local chang
in ECM structure and mechanics. Regions of the baseme
membrane at the tips of growing epithelial buds (Bernfield an
Banerjee, 1978) and new capillary sprouts (Ausprunk an
Folkman, 1977) become thinner owing to high ECM turnover
Thinning of the ECM scaffold will result in an increase in its
mechanical compliance. Because the basement membrane
tensed because of tensegrity and the existence of a stabilizi
prestress at the tissue level (Ingber, 2003), this local region mi
stretch out more than adjacent regions, much like a ‘run’ i
a woman’s stocking. Thus, a cell adhering to the thinne:
(stretched) region of the basement membrane woul
experience a tug on its cell surface integrins, whereas i
neighbors on intact basement membrane would not (Fig. 4).
other words, this local alteration in ECM stiffness would

: Fig. 4. A schematic showing how local changes in ECM mechanics
change the cellular force balance and alter internal cytoskeIe_IIrnay quide tissue patterning. The local thinning in the ECM produced

structure within a subset of cells. Th.'s’ in turn, would permﬂby accelerated ECM turnover will increase ECM compliance and
these cells to respond to soluble mitogens and motogens eq it in local cell distortion through the action of tractional forces
switching from quiescence to growth and motility locally, andexerted by surrounding cells. Increased tension transfer across cell
thereby drive tissue patterning (Fig. 4). Reiteration of thissurface ECM receptors (integrins) will result in coordinated changes
process along newly formed buds would then result ifin cell and cytoskeletal form and, thereby, produce changes in
formation of fractal-like patterns that characterize all growinccellular biochemistry that result in the localized growth and motility
tissues (Ingber and Jamieson, 1985; Huang and Ingber, 199that drive tissue morphogenesis. Thus, in this view, cell growth and
Thus, although macroscale forces may be an obvious caumigration are constrained to the small group of cells (red) that is
of tissue patterning in bone (Koch, 1917) and large muscleunderlined by the thinned region of the basement membrane (green).
variations in force distribution on the microscale may simiIarIyS;gﬁ%gjrizgdge'ﬂg g?j#g?hvéhgnigdbgggfn‘zgtegi%%‘:gg";obf‘g‘tiuse
guide morphogenesis in other living tissues (Ingber an : P .
Jamieson, 1985; Huang and Ingber, 1999). This possibility it‘aprerlence the stress and, hence, remain quiescent (white cells).
supported by the recent finding that epithelial branching
morphogenesis in embryonic lung can be selectively inhibited
or accelerated by preventing or enhancing tension generati@iAngelo et al., 1997; Eckes et al., 1998; Gillis, 1999; Wang
(cytoskeletal prestress), respectively (Moore et al.,, 2002and Stamenovic, 2000; Keller et al., 2001; Balogh et al., 2002;
Application of tensional forces through the ECM also directlyLoufrani et al., 2002) as well as to control of permeability
promotes capillary outgrowth (Korff and Augustin, 1999) asbarrier function in endothelia (Moy et al., 1998).
well as axon elongation in nerve cells (Bray, 1984). In fact, the
tensegrity principle could explain pattern formation in various ) ) )
tissues and organs in species ranging from mammals (Ingbeenfronting the biocomplexity problem
and Jamieson, 1985; Joshi et al., 1985; Van Essen, 1997; Galit the start of this article, | noted that the major challenge in
Resta, 2002) to paramecium (Kaczanowska et al., 1995) asdience today is the problem of biocomplexity. By this rather
fungi (Kaminsky and Heath, 1996), as well as loss of tissubroad term, | mean the challenge of addressing how specialized
morphology during cancer formation (Ingber et al., 1981pehaviors emerge from collective interactions within complex
Ingber and Jamieson, 1985; Pienta and Coffey, 1991). It alsnolecular networks. The current approach in the ‘complexity’
may provide a molecular basis for gravity sensing (Ingbefjeld is to gain insight into the functioning of the whole system
1999; Yoder et al., 2001) and control of circadian rhythmicityby mapping out the nodes in these networks, elucidating the
(Shweiki, 1999) in both animals and plants. In additionrelationships between the different components and
tensegrity may help to explain why cellular components thadletermining the dynamics that ensue from their interactions
are not directly involved in actomyosin-based tension(Kauffman, 1993). Mathematical approaches used in this area
generation, such as microtubules, intermediate filaments amdwve effectively predicted phase transitions such as abrupt
ECM, can contribute significantly to contractile function inchanges from randomness to pattern, and from deterministic to
various cell types, including cardiac myocytes, vasculachaotic behavior. However, these approaches cannot explain
smooth muscle and skeletal muscle (Northover and Northovenpw three-dimensional, hierarchical structures, such as living
1993; Tsutsui et al., 1993; Lee et al., 1997; Tagawa et al., 1993ells and tissues, generate their specific forms and functions.




Tensegrity I 1403

Tensegrity similarly teaches us that we cannot considesuch as cell shape (distortion from round to spread), be
individual molecules or molecular binding interactions intranslated into these distinct cell fates?
isolation.  Collective behavior within supramolecular Cell biologists tend to view signal transduction in terms of
assemblies, higher-order architecture and mechanical forcésear signaling pathways that lead to one particular outcome.
also have to be considered (Ingber, 2003). Moreover, thdowever, the information conveyed by the signal transduction
mathematical tensegrity formulation explains how complexmachinery is often distributed among numerous pathways, and
behaviors (in this case mechanical) can emerge through multhe same stimulus can lead to many different responses. For
component interactions or, in simple terms, how the whole caexample, activation of a single signaling receptor can induce
indeed be greater than the sum of its parts. Thus, work atores of genes (Fambrough et al., 1999), and the same
cellular tensegrity suggests that existing ‘complexity’ theoriesignaling molecule may elicit entirely different effects (e.g.
may be limited because they fail to consider the physicality ofrowth versus apoptosis), depending on the cell type, the
the network (e.g. material properties of the elements thadctivity state of other regulatory proteins and the physical
connect interacting nodes, attractive/repulsive interactiongontext in which it acts. Thus, the concept of linear signaling
internal force balances and three-dimensional architecture). pathways is inappropriate (Strohman, 1997; Coffey, 1998).

Tensegrity also explains how hierarchical structures mainstead, these characteristic phenotypes that cells exhibit
form from systems within systems (molecules within cellsduring development represent emergent behaviors that arise
within tissues within organs) and yet still exhibit integratedwithin a complex signaling network comprising many
mechanical behavior (Ingber, 2003). In addition, it reveals hownteracting components.
robust behaviors, such as mechanical stiffness and shapeThe observation that gradual variations in a single control
stability, can be generated from ‘sloppy’ parts (e.g. flexiblgparameter (cell shape) can switch cells between distinct gene
molecular filaments), which is a key feature of both compleyrograms (cell fates) is reminiscent of a phase transition in
networks and living systems (Csete and Doyle, 2002). In facphysics. Gradual changes in temperature, for example, produce
tensegrity experts in control theory — a field that focuses oabrupt macroscopic changes between qualitatively discrete
how the design of one component is influenced by thstable states (e.g. liquid versus gas or solid). Sui Huang in my
dynamics of all other components to achieve some globaroup, therefore, explored the possibility that cell fates can be
property of the system — have identified prestressed tensegritiewed as ‘cellular states’ and that the switches between these
structures as the ultimate ‘smart’ materials whose shapesates may represent biological phase transitions (Huang, 1999;
can be actively adjusted and controlled (Skelton and Sultakuang and Ingber, 2000). To explain this type of qualitative
1997). Both material architecture and feedback informatiotehavior, he viewed the cell’s molecular signaling machinery
architecture (control mechanisms) are jointly determined ims a dynamic information-processing network. In this manner,
these tensegrity structures because they are innate in the was able to describe the collective behavior of the cell’s
design, just as they are in living cells. Thus, tensegrity magignaling molecules and their relationship to cell fate switching
represent the ‘hardware’ behind living systems. without focusing on the properties of the individual molecular

But what about the software? This leads us to the problemomponents. This path led to the suggestion that cell fates can
of how structural networks affect information-processingbe viewed as common end-programs or ‘attractors’ that self-
networks at the level of the whole cell, where tensegrity seentwganize within the cell's dynamic regulatory networks
to exert its effects on signal integration. Experiments show thafHuang, 1999). To visualize attractors, think of a ball traveling
although individual cells can receive multiple simultaneou®n a complex landscape, where stable cell states are
inputs, they can rapidly integrate these signals to produce justpresented by valleys (‘basins of attraction’) separated by
one of a few possible outputs or phenotypes (e.g. growthynstable transition regions or ‘mountainous’ terrain (Fig. 5). A
quiescence, differentiation or apoptosis). But studies oball (or cell) located at the lowermost point in one of these
mechanoregulation raise a fundamental question: how canvalleys (the attractor) will tend to remain there. Displacement
gradual change in a physical parameter over a broad rande,another part of the landscape will move the ball away from

Differentiation Proliferation
S

Fig. 5. Attractor landscape representation of cell fate
determination. A hypothetical ‘potential landscape’
that represents thedimensional state space
compressed into two dimensions (XY) for
visualization purposes. Every position in the XY
plane would correspond to a network state (e.g.
expression profile of gene and protein activities). The
vertical axis (Z) represents a potential function, an
‘energy equivalent’, representing some distance
measure of a network state to the attractor state.
Lowest points in the valleys correspond to attractor
states that represent cell fates. Yellow arrows indicate
a path that takes the cell from growth to apoptosis.
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the valley, but small perturbations will generally cause it to roll Computer simulations of dynamic networks reveal that it is
back down to its own starting point in the same valley. Undenecessary to alter the activities of multiple network elements
the influence of a larger perturbation, however, the ball coulth order to switch the network between different attractor states
move over a mountainous peak in the landscape. At this poifiluang, 2000). Phenotypic transitions in living cells should
it is irrevocably committed to rolling down the other side oftherefore require simultaneous modification of the activity
the hill until it reaches another attractor in a neighboring vallegtatus of multiple regulatory molecules. This prediction is
and, hence, takes on a different stable phenotype. Interestingtgnsistent with the observation that external stimuli that trigger
Waddington used this very metaphor over 40 years ago taeiotropic effects, such as soluble mitogens, ECM adhesion
explain developmental control (Fig. 6), without knowing aboutand cell distortion, can induce similar cell fate transitions
genes, interactions or regulatory networks (Waddington, 1956jHuang and Ingber, 1999). It should be noted that the few

The challenge here is that these hills and valleys are nbohaster switch’ genes that have been identified, such as MyoD
physical structures or energy wells (as in potential energgWalsh and Perlman, 1997) or PRA@®Morrison and Farmer,
diagrams), rather they respectively represent unstable aid®99), do not drive standard phenotypic transitions between
stable states relative to the cell’'s dynamic information-growth, apoptosis, etc. Rather, they trigger a transition to the
processing network. The formation of the attractors is adifferentiation attractor of an entirely different cell type, and
emergent property that depends on the dynamic constraintsen these trigger genes must activate a large set of other genes
imposed by the functional interconnections (e.g. gene-geng& produce this effect.
gene-protein or protein-protein interactions) in the network. The possibility that attractors exist in cellular information-
For example, when activated by some stimulus, the internalrocessing networks is supported by the observation that
information state of the cell will shift through various cell various stimuli that activate multiple proteins across several
states (e.g. gene and protein activation profiles) depending signaling pathways often can trigger the same cellular
specific pre-programmed regulatory interactions between thghenotypes. For example, differentiation can be switched on by
various signaling components that make up its signalingon-specific agents (e.g. DMSO or ethanol) in many cell types
network (e.g. protein A will inhibit B, C will stimulate D, and (Spremulli and Dexter, 1984; Messing, 1993; Yu and Quinn,
E will turn on if F and G are both present). Because thes#994), and general inhibitors of protein kinases or phosphatases
interactions are hard-wired, certain states are impossible. Foray both induce apoptosis (Jacobson et al., 1993; Hehner et al.,
example, A and B cannot both be activated simultaneously 999). Similarly, growth factors, ECM and cell distortion all
one inhibits the expression of the other; conversely, C and Eegulate the same cell cycle intermediates, such as cyclin D1
must both turn on if one activates the other. The key is thgBaldin et al., 1993; Bohmer et al., 1996; Huang et al., 1998).
these regulatory interactions constrain how these networkehus, simultaneous perturbation of multiple targets in different
change over time. Extensive analysis of theoretical networksathways results in the channeling of the biochemical effects
has revealed that even highly complex networks wilinto common end-programs and hence expression of the same
dynamically change until they converge on a limited numbeset of distinct cell fates or attractor states. In fact, mathematical
of possible common end states — these are the attractor®dels that incorporate information relating to known
(Kauffmann, 1993). regulatory interactions between different growth signaling
molecules generate a cell ‘cycle’ as well as different quiescent
(Go) states that are highly reminiscent of those displayed by
living cells (Huang and Ingber, 2000). Data supporting the
existence of attractors within the genomic regulatory networks
in human cells also have been recently obtained by using
massively parallel gene profiling techniques (S. Huang, G.
Eichler and D.E.I., unpublished).

Thus, in contrast to existing paradigms that rely on
explanations in terms of specific factors and linear signaling
pathways, the functional state of the cell appears to ‘self-
organize’ as a result of the architecture and dynamics of its
underlying regulatory network. In this context, tensegrity-
based changes in cytoskeletal structure may influence cell
phenotype switching on the basis of their ability
simultaneously to alter the biochemical activities of multiple
cytoskeleton-associated signaling components throughout the
Fig. 6. Cell fate switching in an epigenetic landscape, as portrayed cell. Because it provides a structural basis for the formation of

by Waddington (Waddington, 1956). In this view of embryonic functionally integrated molecular hierarchies, tensegrity might
regulation, cell fate regulation is based on selection between pre- g|so have played a central role in the origin of cellular life
existing, intrinsically robust fates. The dynamics of this Ingber, 2000b). Thus, in the future, it will be interesting to

developmental selection is represented as a landscape with hills an

valleys. The phenotypic state of a cell at any time is indicated by th ombine the mathematical formulation of the tensegrity theory

e . . : . : .
position of a marble on that landscape. The marble will descrlbked Inszlirt | of thlsl artlclhe (Ingrt])er, Z%Qf?) with dynamlcf
spontaneously roll down the valleys (stable developmental paths) NEWOrk models to explore how these difterent types o

leading to a distinct phenotype. The lowest points in the valleys ~ Diological network — one mechanical and the other
correspond to the distinct, stable phenotypes within a given informational — coevolved so as to allow the cell to function

repertoire of fates that the cell may experience. with the incredible efficiency it does.
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Conclusion on the molecular components. In contrast, tensegrity describes
Tensegrity is a design principle that describes how networkow molecules function collectively as components of
structures develop shape stability (Fuller, 1961). Becauseategrated, hierarchical systems in the physical context of
tensegrity also defines how cells, tissues and organs stabilitteing cells and tissues. It also further expands the frame of
themselves mechanically (Ingber, 2003), it has a direct impactference by adding ‘tone’ (tension) and ‘architecture’ (three-
on how mechanical stresses applied at the macroscopic lewdimensional design) into the calculation. This shift in
can influence molecular structure and function inside livingperspective has led to explanations for behaviors that could not
cells. In fact, the key determinants of tensegrity — architecturee explained with conventional reductionist paradigms. The
and prestress — appear to be critical governors of the cellfmathematical formulation of tensegrity theory described in Part
biochemical response to stress. Exploration of the potentidlof this Commentary (Ingber, 2003), while rudimentary, also
role of tensegrity in mechanoregulation also led to theepresents a computational approach that can be used to
discovery that integrins receptors that physically couple theonfront the complexity challenge from a structural
ECM to the internal cytoskeleton play a central role agerspective. It already has been successfully used to explain
mechanoreceptors and mediators of mechanochemichbw complex mechanical behaviors emerge from multi-
transduction. In particular, pursuit of the tensegrity theory hasomponent interactions within cytoskeletal networks.
revealed previously unrecognized roles of ECM, cytoskeletalathematical descriptions of dynamic networks similarly
structure and cytoskeletal tension (prestress) in the contrptovide insights into system-wide information processing
of gene expression, growth, differentiation, apoptosisbehaviors at the genomic and proteomic levels. The challenge
contractility, directional motility and tissue patterning. Thesenow is to use these tools to gain greater insight into the
insights may have important ramifications in areas, such asmderlying principles that govern cell function and, in the
angiogenesis, cardiovascular physiology and cancer, whefeture, to unite these approaches to create a more unified
cytoskeletal elements and cell surface adhesion receptors na&scription of biological regulation.
offer potential new sites for therapeutic intervention (Ingber,
2002a; Ingber, 2002b). Understanding of the critical roles that | would like to thank my students, fellows and collaborators,
ECM compliance and mechanical forces play in cell and tissy@ithout whom this wor.k would not be possmle, and NASA, NIH, ACS
regulation is also beginning to impact the design an nd DARPA for funding these studies. | also thank S. Huang, F.
fabrication of synthetic biomaterials for tissue engineering. “venghat. N. Wang, C. Sultan and R. Skelton for their critical
. . . . . . comments on the manuscrlpt.
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