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ABSTRACT In this work, a chemomechanical model describing the growth dynamics of cell-matrix adhesion structures (i.e.,
focal adhesions (FAs)) is developed. We show that there are three regimes for FA evolution depending on their size. Specifically,
nascent adhesions with initial lengths below a critical value that are yet to engage in actin fibers will dissolve, whereas bigger
ones will grow into mature FAs with a steady state size. In adhesions where growth surpasses the steady state size, disassembly
will occur until their sizes are reduced to the equilibrium state. This finding arises from the fact that polymerization of adhesion
proteins is force-dependent. Under actomyosin contraction, individual integrin bonds within small FAs (i.e., nascent adhesions or
focal complexes) must transmit higher loads while the phenomenon of stress concentration occurs at the edge of large adhesion
patches. As such, an effective stiffness of the FA-extracellular matrix complex that is either too small or too large will be relatively
low, resulting in a limited actomyosin pulling force developed at the edge that is insufficient to prevent disassembly. Furthermore,
it is found that a stiffer extracellular matrix and/or nucleus, as well as a stronger chemomechanical feedback, will induce larger
adhesions along with a higher level of contraction force. Interestingly, switching the extracellular side from an elastic half-space,
corresponding to some widely used in vitro gel substrates, to a one-dimensional fiber (as in the case of cells anchoring to a
fibrous scaffold in vivo) does not qualitative change these conclusions. Our model predictions are in good agreement with a
variety of experimental observations obtained in this study as well as those reported in the literature. Furthermore, this new
model, to our knowledge, provides a framework with which to understand how both intracellular and extracellular perturbations

lead to changes in adhesion structure number and size.

INTRODUCTION

To perform functions such as proliferation (1), differentia-
tion (2), and locomotion (3), living cells establish stable
attachments to the extracellular matrix (ECM) via the
formation of specialized receptor-mediated contact foci.
Among all adhesion structures perhaps the best-known are
focal adhesions (FAs), with a molecular structure composed
of a diverse population of structural and signaling proteins.
Roughly speaking, individual integrin receptors, responsible
for forming molecular bonds between ECM ligands and
intracellular adhesion proteins, are laterally reinforced by
a layer/complex of proteins including vinculin, paxillin,
and talin (4), collectively known as the adhesome or adhe-
sion patch. This layer of proteins is then connected to the
cytoskeleton/nucleus of the cell via stress fibers, composed
of actin filaments and myosin motors. In addition to physi-
cally linking the cytoskeleton to the ECM, FAs also serve as
signaling hubs for cells to receive information from their
microenvironment and hence are believed to play key roles
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in processes such as development (5,6), tumorigenesis (7,8),
and wound healing (9).

Interestingly, besides biochemical factors, accumulating
evidence has demonstrated that formation and function of
FAs is tightly regulated by mechanical cues (10-16). For
example, it has been shown that forces generated by acto-
myosin contraction are essential for the stabilization of
FAs (10). Furthermore, FAs display directional growth par-
allel to an externally applied load (11). Numerous observa-
tions also indicate that cells form larger (and more) FAs on
stiffer substrates as well as develop higher intracellular trac-
tion forces (12—16). Various attempts have been made to
theoretically explain the force-induced growth of FAs via
thermodynamic arguments (17) or by examining the aniso-
tropic stress/strain field generated in the adhesion plaque
(18,19). The lifetime/stability of adhesion structures (i.e.,
clusters) has also been analyzed by considering the nonuni-
form load distribution among molecular bonds as well as
their force-modulated association/dissociation kinetics
(20-22). Recently, the question of how ECM rigidity affects
integrin dynamics in cells has been examined by several
studies that suggest that a compliant substrate will generally
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impair integrin clustering (23,24) and lead to oscillatory
traction forces along with a slow retrograde flow of F-actin
(25,26).

Despite these aforementioned efforts, several important
issues remain unsettled. First, in most existing models, the
size of the adhesion plaque is often taken as a constant
(18-22) or is not included in the formulation (25,26). Like-
wise, ECM rigidity is often not taken into consideration in
some models (17). In reality, it is conceivable that small
adhesion patches can be nucleated and, depending on fac-
tors like its initial size and the stimuli received, a nascent
structure (i.e., focal complex) can either grow into a mature
adhesion (i.e., FA) or totally dissolve (27,28). Significant ef-
forts have been made to model the formation and evolution
of FAs. For instance, by describing various processes
involved in FA assembly via rate equations, a theoretical
model (29) has been developed that captures several exper-
imental findings. However, determining different rate pa-
rameters from experiments remains challenging. Recently,
a stochastic model was also proposed by considering the
force-dependent integrin binding/unbinding that drives FA
growth/decay (30). This description successfully predicts
sizes of FAs that were comparable to experimental observa-
tions. One assumption in this model is that the force acting
on each integrin was assumed to be the same and along the
normal direction. However, recent observations have indi-
cated that the force distribution within a FA is nonuniform
(12) and that the majority of force is actually applied
tangentially to FAs (31). Given that the size of FAs is
believed to significantly affect processes like cell migration
(32) and actin recruitment/polymerization (33), this issue
should be of great fundamental and practical interest. In
addition, the question of whether (and how) cells will an-
chor themselves differently on a flat surface, like synthetic
gel substrates with low porosity, or in a fibrous in-vivo-
like scaffold has attracted increasing attention experimen-
tally (34,35). However, it seems that very few modeling
efforts have been spent to address this important issue.
Finally, recent observations also suggested that the physical
properties of cell nucleus (12,13) can influence the size of
adhesion plaques (i.e., FAs) and intracellular tension levels,
but, to the best of our knowledge, no theoretical explanation
has been provided.

To address these concepts, we developed a chemome-
chanical model to describe the growth dynamics of adhesion
plaques where important features such as the actomyosin
feedback and nucleus deformability have all been taken
into account. In particular, we show that pulling forces large
enough to induce further assembly of adhesion proteins can
only be developed at the edge of a plaque when its size is
within an intermediate range, reflecting the fact that integrin
bonds within small/nascent focal complexes must transmit
higher loads while the phenomenon of stress concentration
will take place at the edge of large adhesion patches (i.e.,
stabilizing as FAs). In addition, the model predicts that
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both nuclear and ECM rigidities tightly regulate the equilib-
rium length of fully developed FAs, with a stiffer surround-
ing environment or nucleus leading to larger adhesion
plaques coupled with a higher intracellular traction force.
Interestingly, switching the extracellular side from an elastic
half-space (i.e., as many in vitro substrate/gels) to a one-
dimensional fiber (simulating in vivo mesenchymal fibrous
microenvironments) does not lead to qualitative changes
to these conclusions. Connections between our model pre-
dictions and various experimental observations will also
be discussed.

MATERIALS AND METHODS

Model formulation: mechanical response of the
system

In light of the fact that a focal adhesion (consisting of individual integrins
that bind to the ECM and to an intracellular layer/complex of reinforcing
actin binding proteins) is connected to the cell nucleus via the actomyosin
stress fiber (Fig. 1 a), a structural model as shown in Fig. | b is adopted here
to describe the response of this ECM/FA (including adaptor adhesome pro-
teins)-actomyosin-nucleus assembly. For simplicity, the FA-ECM complex
is treated as a spring (green box in Fig. 1 b) with effective stiffness depend-
ing on the FA size and mechanical properties of the ECM, as will be illus-
trated later. In addition, a contractile element in parallel with a linear spring
(blue box in Fig. 1 b) is used to represent myosin motors in the elastic actin
stress fibers. Finally, the cell nucleus is modeled as another spring to reflect
its deformability.

At this point, it is necessary to differentiate two types of extracellular en-
vironments that a cell can sense (on its ventral side). For the case of cells
anchoring themselves in a scaffold composed of fibers, such as collagen fi-
brils with diameters on the order of hundreds of nanometers (36,37) that are
comparable to the size of FAs, it is reasonable to treat the ECM as an elastic
fiber (Fig. 1 c¢), given that the entire adhesion structure (i.e., three-dimen-
sional matrix adhesion) will likely be formed on a single fiber (38). On
the other hand, for many synthetic substrates (such as PDMS and PAA)
with low porosity, the anchoring distance between ECM proteins coated
on the surface to induce formation of cell-ECM adhesion is generally small.
In this case, the cell may not see the ventral side as an individual fiber, but
rather as a continuous medium (Fig. 1 d). We proceed by considering both
of these cases in this study.

If the adhesion plaque is treated as an elastic fiber of length, L, connected
to the ECM via a series of equally spaced springs representing the integrin
bonds formed, then the force generated in the substrate (7y,) and the plaque
(7vp) can be expressed as v, = kyd du/dx and vy, = k,d.du,/dx, respectively,
where k, and u; (or k, and u,) are, respectively, the stiffness and displace-
ment of the ECM (or the adhesion plaque), and d, is the spacing between
integrins. Equilibrium requires that v, and vy,, must be related to the integrin
clutch force v, through

4 v, (x)

_ dvd“/s (x)

dx dx vel). M

Because each integrin bond is modeled as a spring, v, takes the simple form
Ye(x) = k(i) — us(x)), @

where k. is the effective spring constant of the clutch. Note that possible
sliding-induced friction between the adhesion plaque and the ECM has
been neglected here for simplicity. It was widely reported that integrin bind-
ing can occur within seconds (12,25,26), which is much faster than the
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FIGURE 1 (a) Schematic representation of the
cell-to-ECM adhesions. (b) Structural model of
the ECM/FA-Actomyosin-Nucleus assembly. Two
types of ECM are considered in this study: a one-
dimensional elastic fiber (¢) and a continuous
elastic medium (d), in which d.. indicates integrin
spacing and adhesion plaque is assumed to consist
of the units of plaque protein complex (green
block) and integrin (red spring). To see this figure
in color, go online.
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assembly of proteins in the FA (taking minutes to complete (39)). There-
fore, in this study, it is assumed that assembly of the adhesion plaque is
the rate-limiting step and that new integrin bonds will be rapidly formed
as the adhesion plaque grows. On the other hand, once formed, the integ-
rin-ECM bonds are treated as permanent unless disassembly of plaque pro-
teins takes place at the corresponding site for the given time frame. With the
help of Eq. 2, Eq. 1 can finally be simplified to

d*u
kpdf—dxzp = k. (up — us),
3)
d*u,
kyd; 0 = —k. (up — us).

We proceed by assuming that the ECM is fixed at one end and free at the
other, i.e., u(0) = 0 and duy/dx|,—; = 0 (refer to Fig. | ¢), while the plaque
is pulled by the actomyosin force f, on the side proximal and remains trac-
tion-free at the other, i.e., k,d.du,/dx|._;, = f, and du,/dx|._y = O (refer to
the Supporting Material for a detailed discussion on the boundary condi-
tions). To make sure that there is room for integrins to bind, the ECM fiber
beneath the FA is assumed to be of the same size as the FA. Solutions of
Eq. 3, satisfying all the imposed boundary conditions, can be obtained as

iy (x)

®)

4L, gives a length-scale far below which force is more or less evenly shared
by the integrins within the plaque, while beyond this length the load will
only be transmitted to integrin bonds within a distance ~2L,. from the adhe-
sion edge.

Given that the pulling force f, is acting at the end of the adhesion plaque,
the effective stiffness of the FA/ECM complex can be defined as

ketr = fa/uFA, (6)

with up, being the displacement of the plaque at x = L, that is,

aLc L L
Upp = Upy(x = L) = d(/{i—i—k) [— + 2csch <L_>
c\Kp s ¢ ¢

ky ks L
+ <ks + kp> coth (Ltﬂ .

)
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If, on the other hand, the ECM is treated as a continuous medium
(Fig. 1 d), then the Green’s function for an elastic half-plane (40) can
be used to relate the integrin clutch force to the substrate displacement
(refer to the Supporting Material). The governing equations in this case
become
d’u
2 14
kpd{? = k(- (Mp — MS)
L @®)

) = [ o ka0 — (0]

where E; and v, respectively, are the elastic modulus and Poisson’s ratio
(taken to be 0.5 because most biological materials are known to be incom-
pressible) of the ECM. Because closed-form solutions for the elastic fields
cannot be derived in this case, numerical techniques are employed to obtain
the relationship between f, (i.e., the pulling force acting on FA) and upp
(i.e., the substrate displacement at the location where the force is applied).
This allows us to estimate the apparent stiffness of the FA, k., defined in
Eq. 6. Specifically, in this study, numerical simulations were carried out us-
ing the finite-element package COMSOL (COMSOL, Burlington, MA)
where an elastic fiber (representing the adhesion plaque) was pulled at
one end on a large elastic substrate, with springs connecting them (refer
to the Supporting Material for details).

Finally, to determine the magnitude of f,, recall that the actomyosin
network is represented by a contractile element in parallel with a
linear spring (Fig. 1 b). Using mechanical force balance shown in Fig. 1 b,
we have

f;l :fo_ka(uFA _MN)+‘3fa7 (9)

where k, represents the stiffness of stress fiber, f; stands for the base level
contractile force generated by myosin motors, and 8 stands for the che-
momechanical feedback effect. Base-level contractile force is defined
as the total force generated by motors associated with one FA without
activation of force-dependent stress fiber/myosin motor recruitment. For
simplicity, the FA is assumed to be static on the ECM, and therefore
the myosin motors are in a stall state (sliding velocity is zero) and f; rep-
resents the stall force. Stresses on FAs activate signaling pathways that
initiate active myosin motors and stress fiber recruitment (41,42).
Recruited myosin motors and stress fibers will in return further enhance
the forces acting on FAs, thus forming a chemomechanical feedback sys-
tem. The feedback parameter § is introduced to capture the essential
effect in the system, which is to increase the contractile force over the
baseline value. For simplicity, this parameter is taken as a constant
(0.8) in the allowable range of 0 tol. Because the nucleus is simplified
as a spring (with a spring constant ky), its displacement under actomyosin
contraction is

Ja

. (10)

uy =

Combining Eqgs. 6, 9, and 10, the pulling force generated by actomyosin can
be obtained as

fo
1-8+ [k—+,’j—N

fa =

ket

]. (11)

Note that the pulling force increases with increasing feedback parameter
and with increasing nuclear stiffness and the effective stiffness of the
adhesion plaque, which in turn depends on its length and the stiffness of
the ECM.
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Model formulation: growth dynamics of the
adhesion plaque

With the elastic fields within the FA at hand, we can now consider its
growth via recruitment of additional adhesion proteins (e.g., vinculin, talin,
paxillin) into the plaque. To simplify the analysis, we proceed by assuming
that protein recruitment/disassembly can only take place at the ends of the
plaque as suggested in other models (18) and progresses in a quasi-equilib-
rium manner. In addition, we express the chemical potential difference of a
segment of protein (with length d.) assembled into the plaque and in the
cytosol as

Ap = 2Ap, + AE,, (12)

where Ay is the chemical potential change in the absence of mechanical
load (the factor 2 comes from the fact that the plaque can grow at either
end), and AE,, is the mechanical contribution (17), which takes the form

AE}‘E = _fadcv (13)

consistent with experimental observations (43) that tensile force promotes
FA assembly and stabilization. Following the classical theory of linear ki-
netic relation, the plaque recruitment flux J (i.e., the FA growth rate) can
be related to Au as

J = —DAp, (14)

where D is a constant describing the kinetics of protein assembly. In steady
state, the plaque will possess a constant size and hence J = 0.

The values of parameters adopted in this study along with their sources
are listed in Table 1 (44-50). In addition, the physical meanings of all of
the other variables in our model are also gathered in Table 2.

RESULTS AND DISCUSSION

The stiffness a cell senses increases first and
then decreases as the FA grows in size

A quantity of key interest is the effective stiffness (keg) of
FA-ECM complex, which physically represents the apparent
mechanical stiffness of the extracellular environment that a
cell senses. This parameter is plotted in Figs. 2 A and 3 both
as a function of FA size and ECM rigidity, with the extracel-
lular portion of the adhesion treated as either an elastic fiber
or a continuous half-space. Interestingly, in both cases, k¢
reaches a maximum at a certain intermediate FA size. The
major difference between the two descriptions is that this
quantity will undergo monotonic decrease as the size of
the FA further increases if ECM is modeled as a one-dimen-
sional fiber. Conversely, when the ECM is treated as a
continuous medium, k. will eventually reach a saturation
value as the FA becomes very large (Fig. 2 B). We must
point out that the overall trends of our predictions will not
change if contractile force is taken to be distributed uni-
formly over the adhesion, instead of only acting at the right
edge (refer to the Supporting Material).

To better understand this key observation, the force
distribution among integrin bonds with ECM treated as an
elastic fiber was examined. As shown in Fig. 2 C, integrins
carry the load uniformly for small FAs (L = 4L_), while a
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TABLE 1 List of parameters used in the model

Model Parameter Description Typical Value Source

E substrate modulus ~1~50 kPa typical modulus of hydrogels used as ECM (34,39)

kg substrate stiffness ~1-100 pN/nm estimated collagen fiber stiffness from experiment (36,37.44)
ke integrin stiffness 5 pN/nm estimated from Fisher et al. (45), of the order of pN/nm
kp plaque stiffness 1 pN/nm estimated from Fisher et al. (45), of the order of pN/nm
d. integrin spacing ~100 nm Cavalcanti-Adam et al. (46), 108 nm

fo actin pulling force without feedback ~100 pN Mogilner and Oster (47), 0-200 pN

k. actin stiffness ~50 pN/nm Kojima et al. (48), 43.7-65.3 pN/nm

6 feedback coefficient free parameter

kn nuclear stiffness 10-50 pN/nm estimated from experiment, of the order of pN/nm (49,50)
Apug energy barrier for protein recruitment 10-250 kgT Nicolas et al. (18)

without mechanical load

force-free region emerges at the center when the FA size
reaches ~4L.. For very large FAs (L >> 4L.), only a region
at the leading edge carries the majority of the applied force
and the size of this region remains the same regardless of
actual FA length. This is an inherent aspect of a shear lag
loading scenario, where load penetration into an object is
limited by the critical shear lag length. As such, for a given
force acting on a small FA (L = 4L,), larger FAs result in
more integrins to evenly share the load and thus a smaller
overall displacement, leading to the monotonic increase
of kg with regard to the FA size. In contrast, a larger FA
(L >> 4L,) can be divided into an inactive and an active
part, based on the integrin loading pattern, which is equiva-
lent to two springs in series. The active part refers to the re-
gion that carries the majority of the load at the leading edge
and the inactive part is the rest of the FA. Because the size of
the active part is insensitive to FA length, the effective stift-
ness k* of this portion is therefore a constant, as shown by
the red line in Fig. 2 D. For the inactive part, only the
ECM fiber (connecting the active part with the boundary)
is under loading and thus for this region k' ~ EA/L’, where
E is the fiber modulus, A is the cross-section area, and L’
is the length of the inactive portion. Because L' increases
as FAs becomes larger, the effective stiffness k' is a mono-
tonic decreasing function of FA size as shown by the blue
line in Fig. 2 D. The effective stiffness of the whole FA
for a large FA (L >> 4L.) thus scales with keg ~ KK
K"+ kY = K = (M%7 (K" + K¥*). Consider the fact that k*

TABLE 2 Variables and their physical meaning

Model Variables Physical Meaning

Ys force in the substrate (ECM)

Yp force in the FA plaque

L. characteristic length for force transmission

Kegr effective stiffness of the FA-ECM complex

u, FA plaque displacement

U substrate (ECM) displacement

UpA FA displacement at the proximal end

uy nuclear displacement

fa contractile force generated by actin

Au chemical potential difference of adding one protein
complex segment to the FA plaque

J FA plaque recruitment flux

is a constant and k” decreases as FAs become larger for large
FAs (L >> 4L.); the overall effective stiffness will therefore
decrease with increasing FA size under this limit. As such,
d. is an increasing function of FA size for small adhesion
(L = 4L,) but a decreasing function of FA size for large
adhesion (L >> 4L.), and thus reaches its maximum
when FAs reach an intermediate size (L ~ 4L.). When treat-
ing the ECM as a continuum elastic medium the findings are
similar, except that a saturation value for d. will be reached
when the FA becomes very large (refer to the Supporting
Material for details).

For large FAs, ke scales with 1/L (from Eqs. 6 and 7).
Therefore, k.t can only reach zero when the FA is infinitely
large, which clearly is physiologically impossible. Further-
more, for FAs with a length of ~10 um, approximately
twofold larger than that measured in our experiments, kg
remains nonvanishing. To summarize, k. defined here
will assume reasonable values when the FA size is within
the physiologically relevant range.

FA plaque recruitment is divided into three
regimes by two important sizes: nucleation size
and stable size

The generic shape of the plaque recruitment flux J, as a
function of FA size, is given in Fig. 3 A. An immediate
observation from this prediction is that the value of J is pos-
itive only when L,,, < L < Ly, where L, stands for the stable
size of the plaque while L,,, can be understood as the critical
size a nascent plaque must overcome to initiate elongation
(i.e., minimum nucleation size). The plaque dynamics can
be divided into three regimes as depicted in Fig. 3 A. Newly
nucleated FAs with sizes smaller than L,, will dissemble
and eventually disappear (i.e., as described for unstable
nascent focal complexes (51)). In comparison, a small FA
will increase in size toward a stable length once it passes
this critical value. Larger FAs (L > L), on the other
hand, are predicted to shrink until they reach the stable
size. Fig. 3 C shows how the rigidity of the ECM (a
one-dimensional fiber) influences the growth rate of FAs.
Our model suggests that the stable structure/plaque size in-
creases monotonically as the external environment becomes

Biophysical Journal 109(9) 1807-1817
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stiffer, in agreement with recent experimental observations
(13), while the critical size decreases, indicating more adhe-
sions would form on a stiffer environment. In addition,
Fig. 3 C also shows that the adhesion plaque can grow faster
(i.e., has a larger J) on a stiffer ECM for large FAs, in agree-
ment with recent experimental findings (13). Note that, due
to random factors like variations in the surface topology and
chemistry of the ECM, the sizes of FAs in reality will not be
uniform but are expected to be distributed around the stable
value predicted here.

This nonmonotonic growth rate and FA size relation can
be understood by examining the intracellular tension levels
predicted by the model under each configuration. As illus-
trated in Eq. 11, larger contractile forces will develop
when cells sense a stiffer environment, with this stiffness
input originating from either a more rigid nucleus or a stiffer
FA/ECM complex (Fig. 3 B, top). Consequently, our model
predicts that there exists an optimum size for FA to induce
maximum intracellular traction force (Fig. 3 B, bottom), cor-
responding to the peak value of k.¢ shown in Fig. 2, A and B.
Given that f, is the driving force for plaque growth (refer to
Eqs. 12-14), this explains why the recruitment flux J will be
large for FAs with intermediate sizes as well as why this
quantity increases with higher ECM or nuclear rigidity
(Fig. 3, A, C, and D).

It is worth pointing out that a similar growth rate and size
relationship for FAs (as illustrated in Fig. 3 A), as well as the
conclusion that more and larger adhesions will be induced
by stiffer substrates, has also been predicted by a model
from Walcott et al. (30). However, unlike this study, that
model treated the ECM as an array of uncoupled springs,
capable of binding to integrins, and actin force was
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applied in the vertical direction and uniformly distributed
throughout the FAs. In light of recent evidence showing
that forces on FAs are almost purely tangential (31) and non-
uniformly distributed (12), it appears that these assumptions
are reasonable for small FAs where each integrin carries
more or less the same load. As such, both this model and
that of Walcott et al. (30) predict similar ECM stiffness-
independent FA growth for small adhesions. However, as
FAs become larger, our model shows that the tangentially
applied actin force, together with a realistic treatment of
the ECM (one-dimensional fiber or continuous elastic me-
dium), will lead to load distribution in the adhesion plaque
that is highly nonuniform. The size of the region for force
concentration at the proximal tip of FAs depends on ECM
stiffness (refer to Eq. 5), which ultimately influences the
FA effective stiffness for large FAs, a feature that is not
captured by the model proposed by Walcott et al. (30).
From this perspective, our model may serve as a more
refined and comprehensive alternative for evaluating FA
growth dynamics across a range of length scales.

Cells attached to stiffer cell-derived fibrous ECM
substrates build elongated adhesion structures

To validate the predicted increase in adhesion structure size,
we utilized well-characterized, in vivo, mimetic-cell-
derived fibrous ECMs (38,52). In this system, the physio-
logic difference between the cells producing the ECM
results in a fibrous ECM of different stiffness (53). Isogenic
human fibroblasts were used to produce the relatively soft
and stiff ECMs and cells that had produced the soft ECMs
were cultured overnight on both fibrous substrates. As
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predicted, results revealed formation of larger (45.87%, P <
0.0001) adhesion structures formed by cells cultured in to
the relatively stiffer ECMs compared to the length of the
structures formed by the same cells cultured within the
softer ECM (Fig. 4, A and B). Specifically, the stable FA
size predicted by our model will decrease from 5.25 to 3.5
um when the ECM rigidities changes from 7.5 to 5 kPa
(see the Supporting Material for details), which is in good
agreement with our observations here (i.e., these two values
were measured to be ~5.1 and 3.5 um, respectively). More-
over, nuclei shape/deformability was observed in response
to stiffening of the ECM (2-5 kPa in soft versus 5-15 kPa
in stiff ECM, which simulate many normal versus tumoral
microenvironments in vivo (53). Cells showed increased
elliptical (18.82%, P = 0.0005) nuclear shape within a
stiffer ECM (Fig. 4, A and C). As the model suggests that
more adhesions will form on stiffer ECMs (as verified by

data shown in Fig. 4 B), we expect that the force exerted
on the nuclei will be larger on stiffer ECMs, leading to a
more pronounced shape change of the nuclei; this is consis-
tent with the experiment findings and shown in Fig. 4 C.

Cells with stiffer nuclei have a lower barrier for FA
formation and assemble larger FAs

Our model also predicts a dependence of FA size on nuclear
stiffness. As has been illustrated by several publications,
some FAs are linked to basilar stress fibers, while others
connect with the nucleus (54). Those that interact with the
nucleus (a stiff but deformable object in the cell) are likely
influenced by the structural and mechanical properties of
this organelle. As shown in Fig. 5 A, cells that have a stiffer
nucleus would be predicted to have a smaller critical FA
recruitment size, meaning that the energetic barrier to FA

Biophysical Journal 109(9) 1807-1817
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formation would be lower. Similarly, the model predicts that
a stiffer nucleus would also lead to a larger stable FA size. It
is known that the nucleus is physically connected to stress
fibers via the linker-of-nucleoskeleton-and-cytoskeleton
complex. One specific linker-of-nucleoskeleton-and-cyto-
skeleton complex component that is known to regulate force
transfer to the nucleus is nesprin 1 giant (N1G) (55). To
simulate the effect of decreased nuclear connectivity to
the cytoskeleton (as would occur with N1G knockdown),
the nucleus was removed from the model altogether
(Fig. 5 A, N1G). Under these circumstances, the model pre-
dicts an increase in stable FA size and decrease in nucleation
size.

To confirm these model-predicted results experimentally,
and to determine the influence of the nucleus on FA size, nu-
clear connectivity to the cytoskeleton was eliminated via
knockdown of N1G. Consistent with the model prediction,
knockdown of N1G resulted in a significant increase in
both the average size (Fig. 5 B) and average number
(Fig. 5 C) of FAs in each cell. Essentially, knockdown of
NI1G in this context is comparable to replacing the deform-
able nucleus in our model with a rigid body.

Increased contractility leads to a small drop in the
FA nucleation barrier and a significant increase in
stable FA size

It is well documented that cell contractility is essential for
the formation of FAs, independent of ECM stiffness. Our
model predicts that for cells with a lower actin pulling force
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(i.e., weaker contractility), the nucleation barrier for FAs
will be larger while their steady-state size will become
smaller (Fig. 6). Our previous experimental observations
(53) show that FA sizes for Cavl knockout mouse
embryonic fibroblasts (contractility-reduced cells) are
significantly smaller than wild-type fibroblasts, which is
consistent with our model predictions.

CONCLUSIONS

In this study, we developed a chemomechanical model to
predict the growth of adhesion plaques, a process strongly
influenced by the assembly of adhesion proteins as well as
the stress buildup in the plaque itself (induced by actomy-
osin contractions). Main findings obtained here are summa-
rized as follows:

1) FA recruitment is divided to three regimes by two quan-
tities of key interest, i.e., the stable size and the critical
size. Nascent FAs smaller than a critical size dissolve,
while bigger ones grow to a mature state whose size is
limited by the stable size. Meanwhile, FAs that are too
large disassemble until their sizes reduce to the stable
size. Using realistic parameter values, these two sizes
(Iength along FA long axis) were predicted to be ~0.02
and ~2 um, respectively, for NIH 3T3 fibroblasts
cultured on a PAA gel substrate with shear modulus of
16 kPa, in agreement with experiments (39).

2) We quantitatively demonstrated how the aforementioned
stable and nucleation sizes are influenced by the
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incorporation dynamics of adhesion proteins as well as
the deformability of the substrate, the nucleus, and the
plaque itself. In particular, we found that a stiffer sub-
strate will lead to bigger plaques. In addition, with
increasing substrate rigidity, more adhesions are pre-
dicted to form as a result of the diminishing nucleation
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FIGURE 6 Increased contractility results in larger stable FAs and a
smaller FA nucleation barrier. To see this figure in color, go online.
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TABLE 3
of FAs

Influence of key parameters on the characteristics

FA Characteristics Key Parameters

L, FA critical size ky, ECM stiffness (—); ky, nucleus stiffness (—);
fo, contractility (—)

ks, ECM stiffness (4); ky, nucleus stiffness (+);
fo, contractility (4)

ky, ECM stiffness (4); ky, nucleus stiffness (+);

fo, contractility (+)

L, FA stable size

Number of FAs

The plus (+) sign means the corresponding characteristic is increasing with
the increase of the parameter, and vice versa for the minus (—) sign.

size. These predictions are consistent with our experi-
mental results (as shown in Fig. 4, A—C) and other exist-
ing results in literature (12,14). As for nucleus stiffness,
similar effects were found, where a stiffer nucleus led to
a larger FA stable size and a smaller critical size. Again,
this conclusion is verified by our experiments as shown
in Fig. 5.

3) Interestingly, the model also predicts that the growth of
the plaque is significantly influenced by contractility
(see the Supporting Material). Specifically, high levels
of contractility will lead to bigger plaques, which is in
agreement with previous observations (53). Additionally,
more adhesions are expected with increasing contrac-
tility, due to the decreasing nucleation size. These
predictions compare favorably with the findings that
low contractility leads to decreased vinculin recruit-
ment (56).

To make these predictions/findings transparent, the influ-
ence of key parameters on the formation of FAs is gathered
in Table 3.

We believe that this model can also be used to study phe-
nomena such as cell locomotion (57) and stretch-induced
cell reorientation (58,59), where forces generated inside
the cell and the turnover of FAs are known to play pivotal
roles; indeed efforts along these lines, as of this writing,
are underway.

SUPPORTING MATERIAL

Supporting Materials and Methods and seven figures are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(15)00936-4.
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