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Cellular Tensegrity and
Mechanochemical Transduction

| DE Ingber

Introduction

- To explain how biological tissues form and function, we must first
~understand how different types of regulatory signals, both chemical
‘and mechanical, integrate inside the cell. A clue to the ‘mechanism of
signal integration comes from recognition that the action of a force
on any mass, regardless of scale, will result in a change in three
dimensional structure. This is critical because recent studies reveal
that many of the molecules that mediate signal transduction and
stimulus-response coupling are physically bound to insoluble
structural scaffoldings within the cytoskeleton and nucleus (Ingber
1993a). In this type of “solid-state” regulatory system, mechanically-
induced structural arrangements could provide a mechanism for
regulating cellular biochemistry and hence, efficiently integrating
structure and function. However, this is a difficult question to address
using conventional molecular biological approaches because this
problem is not based on changes in chemical composition or local
binding interactions. Rather, it is a question of architecture. As a
result of this challenge, a new scientific discipline of “Molecular Cell
Engineering” is beginning to emerge which combines elements of
molecular cell biology, bioengineering, architecture, and
biomechanics. The purpose of this chapter is not to present a detailed
analysis of the work from different laboratories that has contributed to




this field since this has been recently published (Ingber 1993a,b).
Instead, I hope to provide a brief overview of recent work from my
own laboratory which attempts to place biochemical mechanisms of
regulation within the context of a specific architectural paradigm that
is known as “tensegrity”. I also will explore the implications of this
approach for cell biology as well as the future of engineering.

- Control of Morphogene‘sis

My laboratory is interested in the mechanism by which three
dimensional tissue form is generated or what is known as
morphogenesis. Our work has shown that the development of
functional tissues, such as branching capillary networks, requires both
soluble growth factors and insoluble cell anchoring proteins that are
known as extracellular matrix (ECM) molecules. Interestingly, we
found that ECM molecules are the dominant regulators since they

- dictate whether individual cells will either proliferate, differentiate, or.
~ involute in response to soluble stimuli (Ingber et al. 1987; Ingber and . -
Folkman 1988; Ingber and Folkman 1989a,b; Ingber 1990; Mooney: -

-et al. 1992a,b). '

sitesio-Analysis of the molecular basis of ‘these“effects 'revealedutha.t ECM: w2
- molecules alter .cell growth via both biochemical and biomechanical =~
‘signaling ‘mechanisms (Ingber 1991). ECM molecules cluster specific -

integrin receptors on the cell surface and thereby activate intracellular
chemical signaling pathways (e.g.; Na+/H+ antiporter, inositol lipid
turnover, protein tyrosine phosphorylation), stimulate expression of
early growth response genes (e.g., c-fos, jun-B), and induce quiescent
cells to pass through the Gy/G, transition (Ingber et al. 1990; Schwartz
et al. 1991; Plopper et al. 1991; McNamee et al. 1993; Dike and
Ingber 1993; Hansen et al. 1993). However, while activation of these
chemical signaling pathways is necessary for growth, it is not
sufficient. In addition, immobilized ECM components must
physically resist cell tension and promote changes of cell and nuclear
shape (Sims et al. 1992; Ingber 1993b) in order to promote entry into
S phase (Ingber et al. 1987; Ingber and Folkman 1989a; Ingber
1990; Mooney et al. 1992a,b; Singhvi et al. 1994).

Cellular Tensegrity

But how could cell shape changes alter cell function? Our working
hypothesis has been that cell, cytoskeletal, and nuclear form
alterations result from changing the balance of mechanical forces that
are distributed across transmembrane ECM receptors on the cell
surface and that it is this change in force distributions that provides
regulatory information to the cell (Ingber 1991). This concept is
based on studies we carried out with “stick and string”models of cells
that are built using tensegrity architecture (Ingber 1993b; Ingber et

™~



Figure 1. Tensegrity models constructed from wooden applicator sticks and
“elastic string and loaded with metal weights of increasing mass (from left to
right). Note that the structure exhibits a global response to applied stress in that
"all of its mechanically-interdependent elements rearrange rather than deform
" locally (reprinted with permission from Wang et al. 1993).

: ;11“5‘199»4) ‘Tensegrity structures depend on tensional integrity rather

lled up and open through interconnection with a continuous series
éfnsxon elements (Fig. 1). This form of architectural stabilization,

" “for the incredible efficiency and stability of geodesic domes. In living
cells, microtubules and cross-linked actin filaments may resist
~compression whereas actin-containing contractile microfilaments and
intermediate filaments appear to serve as tension elements (Ingber
1993b).

Most importantly, tensegrity cell models predict many behaviors

shape on the ECM mechanics (Ingber 1991; Ingber 1993b), the
: b coordination between cell and nuclear shape changes that is: observed
in spreading cells (Ingber et al. 1987; Ingber 1990), and the

Lot polarization of nuclei to the cell base that occurs when cells adhere to
ECM (Ingber et al. 1986). Tensegrity models also explain how
specific molecular patterns (e.g., stress fibers, polygonal nets,
geodomes) develop within actin cytoskeleton in response to
mechanical stress (Ingber 1993b; Ingber et al. 1994).

Studies with tensegrity models suggest that transmembrane
receptors that link support elements within the contractile cytoskeleton
to resistance sites within the ECM anchoring foundation should play a
pivotal role in mechanotransduction (Ingber 1991). The most
common and best characterized type of cell surface ECM receptors
are known as “integrins”. Integrins are members of a superfamily of
transmembrane receptors that were first identified based on their
ability to bind to a specific three amino acid sequence (RGD) that is
found within many ECM proteins (Hynes, 1992;Schwartz 1992). The

. than compressional continuity for their stablhty This novel form of
" structural stabilization is often visualized using a number of different
. compression-resistant struts that do not physically touch, but are |

‘which is unusual in man- -made structures, provides the structural basis

that are exhibited by living cells including the dependence of cell -
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intracellular portion of certain integrin subunits (e.g., 81) binds to
actin-associated proteins (e.g., talin, vinculin, paxillin, -actinin) and
thereby, physically interconnects ECM with the cytoskeleton within a
region of the cell that is known as the “focal adhesion” (Burridge et
al., 1988). Integrins also have been found to activate many of the
same intracellular chemical signaling pathways that mediate the
growth-promoting effects of soluble mitogens (Ingber et al. 1990;
Schwartz et al. 1991;Schwartz 1992; Hynes 1992; McNamee et al.
1993). For these reasons, integrins are perfectly poised to integrate
both types of signals, chemical and mechanical, at the cell surface.

Experimental Measurements

Recently, in experiments with membrane-permeabilized cells, we
confirmed that the structural stability of the cell and nucleus depends
on a dynamic balance of tensile and compressive forces that are
distributed across cell surface integrin receptors (Sims et al. 1992).

‘We found that mechanical tension is generated within contractile .

microfilaments via an actomyosin filament sliding mechanism: similar

~ to that found in muscle, transmitted across transmembrane integrin- - .
receptors, and resisted by ECM anchoring points.. When cytoskeletal -~ -

tension overcame the mechanical resistance of the substratum in a

spread cell, rapid and coordinated retraction of the cell, cytoskeleton, .
and nucleus resulted. - These findings confirmed that all mechanical -

loads are imposed on a pre-existing cellular force balance and are
consistent with our concept that transmembrane integrin receptors act
as mechanochemical transducers (Ingber 1991). co .
To analyze the molecular basis of mechanotransduction, we
developed a magnetic twisting device in which controlled mechanical
stresses can be applied directly to cell surface integrin receptors. The
. stresses are applied by twisting surface-bound ferromagnetic:
microbeads (5.5 um diameter) that are coated with integrin ligands
(e.g., fibronectin, antibodies, synthetic RGD-peptides) and the cellular
response is measured simultaneously using an in-line magnetometer
(Wang et al.1993). In these studies which were carried out by Ning
Wang and myself in collaboration with Jim Butler at the Harvard
School of Public Health, we found that Bl integrin effectively
transferred mechanical loads across the cell surface and supported a
force-dependent cytoskeletal stiffening response whereas non-
adhesion receptors (e.g., acetylated-LDL receptor) did not. Force
transfer correlated with recruitment of focal adhesion proteins and
linkage of integrins to the actin cytoskeleton. Yet the cytoskeletal
response to stress involved higher order structural interactions between
all three different types of cytoskeletal filaments: microfilaments,
microtubules and intermediate filaments. This was demonstrated by
demonstrating that individually disrupting these filament systems
using cytochalasin D, nocodazole, and acrylamide, respectively,
prevented the cytoskeletal stiffening in response to stress (Fig. 2).
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-+ rFigure 2. Continuum mechanics analysis of living endothelial cells. Stiffness
: (ratio of stress tostrain) of the cytoskeleton was determined using the magnetic
twisting device. This response depended on the presence of intact microtubules,
intermediate filaments, and microfilaments. Noc; nocodazole (10 pig/ml); Acr,
“acrylamide (4 mM); Cyt, cytochalasin D (0.1ug/ml) (reprinted with permission
from Wang et al. 1993). : E o

Interestingly, the intact cytoskeleton responded to mechanical
stress as if it were a continuous, pre-stressed structural lattice in that it
exhibited a linear stiffening response (Fig. 2). Stiffness increased in
direct proportion as the level of applied stress was raised. While this
type of mechanical behavior is observed in many biological tissues, it
can not be explained by conventional biomechanical theories
(McMahon, 1984; Stamenovic, 1990). However, this linear stiffening
behavior was mimicked precisely using tensegrity cell models (Fig. 3).
In other words, this linear stiffening response can be explained if the
cytoskeleton is a tensegrity structure, that is, a molecular continuum of
mechanically-interdependent struts and tensile elements that rearrange
globally, rather than deform locally, in response to stress (Fig. 1). If
the cytoskeleton functions as a tensegrity structure, then its ability to
resist angular deformation and hence its "stiffness" would not be a-
function of the deformability of individual filaments, rather it would
be a property of the integrated cytoskeletal lattice. This is exactly
what we observed in living cells.
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- Fig. 3. Continuum mechanics analysis of a three-dimensional tensegrity model. :
The model consisted of-a geodesic spherical array of wood dowels (0.3:cm by 15 -
cm) and thin elastic threads (0.06 cm by 6 cm). The model was suspended from
above and loaded with metal weights at its lower end as shown in Fig. 1.
Similar measurements were carried out with'a single tension element (elastic

* thread) isolated from the model. ‘Only the intact tensegrity structure exhibited

- linear stiffening (reprinted with permission from Wang et al. 1993).

More recently, we carried out additional studies with the magnetic
probe to analyze the biophysical mechanism by which ECM alters the
structure of the cytoskeleton and controls cell form (Wang and
Ingber, 1994). Formation of basal ECM adhesive contacts was
independently varied by altering the density of fibronectin
immobilized on plastic dishes. Raising the ECM coating density
promoted cell spreading and increased cytoskeletal stiffness,
permanent deformation, and apparent viscosity. When the applied
stress was independently varied, the stiffness and apparent viscosity of
the cytoskeleton increased in parallel although neither cell shape,
ECM contacts, nor permanent deformation was altered. Application
of the same stresses over a lower number ECM contacts using smaller
beads (1.4 pum versus 5.5 pm diameter) resulted in decreased
cytoskeletal stiffness and apparent viscosity, again without altering
permanent deformation. The finding that use of smaller beads
resulted in a decreased stress for a given strain, rather than an increase,



also confirmed that this technique probes into the depth of the
cytoskeleton and not just the cortical membrane.

To discriminate between osmotic and cytoskeletal effects on cell
mechanics as well as active (ATP-dependent) versus passive properties
of the cytoskeleton, cells were permeabilized with saponin. In the
absence of ATP, cytoskeletal stiffness and apparent viscosity were
significantly higher than in controls whereas permanent deformation

cwwoo w0 decreased by more than half. Addition of ATP under conditions that
st oenows o promote cytoskeletal tension generation (Sims et al. 1992) resulted in
B e = - decreases in cytoskeletal stiffness and apparent viscosity. which could
be detected within 2 min following ATP addition, prior to any
measurable change in cell size. No change in permanent deformation
was seen at early times, however, a significant decrease was observed
..once the cytoskeletal lattice had physically contracted. - Importantly,
. regardless of cell shape or membrane continuity, cytoskeletal stiffness
~increased in direct proportion to the applied stress. In other words,
-~ both intact living cells and permeabilized cells that lack membrane
- .integrity behaved as if they were tensegrity structures. - . .o,
o These.results suggest that the effects'of ECM on: cytoskeletal
~mechanics and cell shape are not due to changes:in-.osmotic or
=+ hydrodynamic pressures. . Rather, ECM. alters cytoskeletal stiffness -
-+ and apparent viscosity by binding integrins, promoting formation of -
. molecular links with the cytoskeleton, transmitting mechanical stresses
--across these linkages, ‘and inducing structural rearrangements-within-a-
' continuous, tensionally-integrated cytoskeletal lattice. - These effects -
~ are observed when cells spread on ECM; however, they can be induced
independently ofcell shape.: ‘In contrast, the ability of the
. cytoskeleton to sustain stress-induced deformations is more tightly -
coupled to cell extension and depends on both passive cytoskeletal
plasticity and dynamic molecular remodeling events. * .

- -Mechanochemical Transduction

These experiments using the magnetic probe clearly show that
integrins act as cell surface mechanoreceptors in that they transmit
mechanical signals to the cytoskeleton via a specific molecular
pathway. They also show that application of a local mechanical stress
results in global structural rearrangements throughout the
interconnected cytoskeleton. Mechanochemical transduction, in turn,
may be mediated simultaneously at multiple locations by force-
induced cytoskeletal rearrangements that result in redistribution of
associated elements of the cell’s metabolic machinery (Ingber 1993a).
This is because much of cellular biochemistry functions in a “solid-
state” in living cells. As an example: George Plopper and Helen
McNamee in my laboratory have found that many of the chemical
signaling molecules that are sensitive to ECM binding (e.g., protein
kinases, lipid kinases, phospholipase C, Na+/H+ antiporter) are
immobilized on cytoskeletal filaments that form the backbone of the
cell’s focal adhesion complex (Plopper et al. 1991; Plopper and




Ingber 1993; McNamee and Ingber, 1993). Metabolic enzymes
similarly associate with cytoskeletal filaments in the cytoplasm and
regulatory molecules that are responsible for control of DNA
replication and transcription are often immobilized along scaffolds
within the nucleus (rev. in Ingber 1993a).

If cells use a tensegrity mechanism to stabilize their structure, then
local distortion of integrin receptors on the cell surface should
~produce coordinated structural changes throughout the cell (Fig. 1).
Deformation of intracellular scaffolds due to mechanical force
transfer across integrins may regulate cellular biochemistry and
-function by changing local proximity between immobilized
regulatory enzymes, substrates, and regulatory molecules along
cytoskeletal or nuclear scaffolds (Fig.-4). Nuclear distortion also
might promote expansion of nuclear pores and therefore enhance
nuclear transport of molecules that are required for cell cycle
progression' (Hansen and Ingber 1992). - Interestingly; an example of
- geometric contol of biochemical reactions already -exists: actin

© .« preferentially polymerizes from vertices of actin “geodomes” within = - -
«ithe cytoskeleton of migrating cells (rev. in Ingber 1993b): - . .~ - -

Figure 4. Mechanoregulation of Solid-State Biochemistry. Diagram showing
that mechanical deformation of the cytoskeleton may alter cellular biochemistry
by altering proximities between immobilized enzymes, substrates, and regulatory
molecules. S, substrate; P, product; Inhib., enzyme inhibitor.

Thermodynamic Mechanisms

The tensegrity paradigm also provides a thermodynamic mechanism
by which changes in the cellular force balance may feed back to
regulate the assembly of the cytoskeletal filaments that comprise the
orienting lattice of this solid-state regulatory system. For example, a




thermodynamic model of microtubule polymerization which
incorporates complementary force interactions between microtubules
and the ECM according to the tensegrity paradigm has been
published (Buxbaum and Heideman, 1988). In this model,
microtubules stabilize specialized cell extensions and support cell
spreading by physically resisting mechanical loads that are generated
. ; within the surrounding actin cytoskeleton. Direct evidence that MTs
Sy are under compression has been obtained in studies with neurites
~ SR (Joshi et al. 1985). - Changes in the force applied to microtubules also
have been shown to regulate microtubule polymerization in these cells

L (Dennerll et al., 1988). , g
o Interestingly, cells have evolved a mechanism to maintain a
w0 s constant steady-state mass or “set-point” of ‘monomeric tubulin; this
process is known as tubulin autoregulation. Increases in the free
tubulin monomer are compensated. for by :a concomitant decrease in
tubulin protein synthesis: which, in -turn, results from selective

i@ constant steady-state- mass  of ~tubulin polymer : (Kirschner and
Mitchison, 1986). e R L T S
it However, - thermodynamic analysis. of : tubulin polymerization.
«predicts that increasing the mechanical load on a microtubule: will -

~held constant (Hill, 1981; Buxbaum and-Heideman, 1988). . This
~occurs because compressing a microtubule increases the -critical
concentration of tubulin that is required to maintain tubulin in a
. -polymerized form.: Tubulin subunits. within the compressed polymer
- that were previously:-in equilibrium with free tubulin monomers would
- «..be released-until the tubulin- monomer concentration rises. sufficiently -

. to; re-establish - equilibrium, or the: pre-existing force balance. is
. - regained.. Thus, continued force application would be expected to
T promote rampant ‘microtubule: depolymerization if the concentration
of tubulin monomer could not increase.

If this is true, then cells would lose the mechanical support
provided by microtubules precisely when it is needed most. This
paradox suggests that either our understanding of cellular tubulin
regulation is incomplete, the tensegrity model is wrong, or a simple
thermodynamic analysis of microtubule polymerization in cells that
autoregulate tubulin synthesis is incorrect.

In an effort to reconcile these two contradictory cellular
mechanisms for regulating tubulin mass, David Mooney, a graduate
student with Bob Langer (MIT) who was working in my laboratory,
measured changes in tubulin monomer and polymer levels that
resulted from altering cell-ECM contact formation (Mooney et al.
1991). Primary rat hepatocytes were cultured on bacteriological petri
dishes that were pre-coated with different densities of purified ECM
molecules. We have previously shown that altering cell-ECM contacts
in this manner promotes different degrees of cell extension and

‘ destabilization of tubulin. mRNA (Ben-Ze'ev et al.; 1979; Cleveland et
al., 1981). Maintaining:a: fixed set-point for- tubulin ‘monomer in this . + .
‘manner-is consistent:with the observation that cells alsotend to contain . -~

~result in microtubule disassembly: if the tubulin monomer set-point is - -




switches hepatocytes between growth and differentiation (Mooney et
al.,, 1992a). He found that decreasing the cell's ECM adhesive
contacts increased the steady-state mass of tubulin monomer, while the
steady-state mass of microtubule polymer remained relatively
constant. Importantly, tubulin autoregulation functioned normally in
these cells, resulting in a decreased rate of tubulin synthesis in cells
which contain a higher mass of tubulin monomer. This effect was

offset, .however, by a retardation of tubulin degradation, allowing.
different tubulin monomer masses to be maintained in cells with -

varying ECM contacts.

These results indicate that the set-point for the tubulin monomer -

mass in hepatocytes is regulated by the density of ECM contacts, and

are consistent with a mechanism: of microtubule regulation in which -
the ECM stabilizes microtubules by both accepting transfer of

- mechanical loads and altering tubulin -degradation in cells that

. continue ‘to - autoregulate tubulin’ synthesis. = Here is' an elegant
-+ .example of how chemical and mechanical signaling: systems integrate
++/ . inside living cells. This biomechanical perspective: also resulted in:

+ identification in an entirely new form: of ~biochemical ' regulation: .+
#--control -of -tubulin: protein half-life by~ mechanical signaling. across .

integrins. <
" The Future
o ‘Iir‘nplications for Cell Biology and Medicine

--Much - of -our. work is now focused on the molecular basis of

‘mechanochemical transduction.  ‘We believe that this approach should -~ ..
+~i:lead ‘to: important insights :into. fundamental biological processes; : . -
~.including .cell growth and migration as well as specialized -forms -of =

mechanoreception, such as .gravity .sensation. Specifically, we are
using * our magnetic twisting device to quantitate changes in
intracellular biochemistry that result when controlled mechanical
stresses are applied to cell surface integrin receptors. Biochemical
responses to be measured include release of chemical second
messengers, ion fluxes, cytoskeletal filament polymerization, nuclear
transport, and gene expression. We are also trying to identify the
molecular elements that mediate force transfer between integrins, the
cytoskeleton and the nucleus.

In this manner, we hope to begin to understand how chemical
and mechanical signals interplay to regulate cell form and function as
well as gene expression. Because the cytoskeleton and nuclear matrix
differ considerably between specialized cells, we believe that the
molecular cell engineering approach also may lead to the
identification of new molecular targets for therapeutic intervention in
a wide variety of diseases.
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