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Focal adhesions are mechanosensitive elements that enable me-
chanical communication between cells and the extracellular matrix.
Here, we demonstrate a major mechanosensitive pathway in which
α-actinin triggers adhesion maturation by linking integrins to actin
in nascent adhesions. We show that depletion of the focal adhesion
protein α-actinin enhances force generation in initial adhesions on
fibronectin, but impairs mechanotransduction in a subsequent step,
preventing adhesion maturation. Expression of an α-actinin frag-
ment containing the integrin binding domain, however, dramati-
cally reduces force generation in depleted cells. This behavior can
be explained by a competition between talin (which mediates initial
adhesion and force generation) and α-actinin for integrin binding.
Indeed, we show in an in vitro assay that talin and α-actinin com-
pete for binding to β3 integrins, but cooperate in binding to β1
integrins. Consistently, we find opposite effects of α-actinin deple-
tion and expression of mutants on substrates that bind β3 integrins
(fibronectin and vitronectin) versus substrates that only bind β1
integrins (collagen). We thus suggest that nascent adhesions com-
posed of β3 integrins are initially linked to the actin cytoskeleton by
talin, and then α-actinin competes with talin to bind β3 integrins.
Force transmitted through α-actinin then triggers adhesion matura-
tion. Once adhesions have matured, α-actinin recruitment correlates
with force generation, suggesting that α-actinin is the main link
transmitting force between integrins and the cytoskeleton in ma-
ture adhesions. Such a multistep process enables cells to adjust
forces onmatrices, unveiling a role of α-actinin that is different from
its well-studied function as an actin cross-linker.

Mechanical stimulus-response pathways are essential in
establishing the proper physical communication between

a cell and its environment. This role is exemplified not only by
the wide-ranging effects of external mechanical signals, such as
substrate rigidity or applied forces (1–3), but also by the im-
pairment of cellular function that results from inhibiting internal
force generation in cells by molecular motors (4–6). To un-
derstand this mechanical signaling, the study of cell adhesion and
spreading has proven to be a particularly powerful tool. Indeed,
cell spreading showcases the transition from an isolated cell in
suspension to full mechanochemical contact with the extracel-
lular matrix (ECM) in a short period. Furthermore, as the first
mechanical events in adhesion, the steps occurring during
spreading are necessarily upstream of the longer-term mechan-
ically controlled events in development, cancer, wound healing,
and other processes (2, 7, 8).
After the initial rapid spreading of fibroblasts on fibronectin,

myosin-generated contractility is necessary to develop adhesion
sites (3, 9). However, to generate contractile forces on a substrate,
the cytoskeleton must be linked to the ECM through integrins.
Integrins initially link to actin through talin, which activates integrin
binding to matrix (10) and is subjected to forces that aid initial
adhesion site formation (11, 12). Stretching of talin also exposes

buried binding sites to the focal adhesion protein vinculin (13),
providing a mechanotransduction mechanism by which actomyosin
forces applied to talin could trigger initial adhesion formation. After
this initial talin-dependent phase, however, the molecules and steps
necessary to transmit forces from the cytoskeleton to integrins, and
thereby trigger further adhesion maturation, remain undefined.
A particularly interesting candidate for force transmission is

α-actinin. Like talin, α-actinin can bind to both actin and integ-
rins (14–16) and is a prominent component in mature adhesions.
Certainly, although it has mainly been studied as an actin cross-
linker because it is an antiparallel dimer (17), α-actinin has been
shown to be required for focal adhesions to both mature (18) and
attach to actin filaments (19). Furthermore, exogenous frag-
ments of α-actinin containing either the actin- or the integrin-
binding domains can disassemble stress fibers or focal adhesions,
respectively (20, 21). Thus, α-actinin has a role in the maturation
of adhesions, which could involve force transmission. Moreover,
as α-actinin and talin bind to overlapping domains in integrin
β-tails (22, 23), this role is most likely in competition or co-
operation with talin. Indeed, here we report that α-actinin
competes with talin for the binding to β3 tails, and then transmits
the cytoskeletal forces that trigger mechanotransduction, adhe-
sion maturation, and dynamic force regulation.

Significance

Mechanical forces transmitted between a cell and its surround-
ing extracellular matrix determine functions like proliferation or
differentiation, and drive processes in development, tumori-
genesis, andwound healing. However, themolecules involved in
this force transmission remain unclear. Here we show that forces
exerted by cells are transmitted to the extracellular matrix
through α-actinin molecules via the transmembrane protein
integrins. Furthermore, this transmission enables the growth
and maturation of adhesion sites to the matrix, and takes place
in competition with another molecule submitted to force, talin.
This force regulation mechanism may help us understand the
role of force in different biological scenarios.
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Results
Binding of α-Actinin to Actin Enables Adhesion Maturation. We first
analyzed the role of α-actinin in adhesion formation by knocking
down the levels of α-actinin using shRNA. Mouse embryonic
fibroblasts were transfected with a plasmid containing an shRNA
with either a nontargeting (NT) sequence or a sequence target-
ing α-actinin 4. Four days after transfection, this process resulted
in a 94% decrease in total α-actinin levels (Fig. 1A), showing that
α-actinin 4 was knocked down and that the level of the other
α-actinin isoform present in fibroblasts (α-actinin 1) was small.
Furthermore, even though in some systems different local-
izations of both α-actinin isoforms have been reported (24, 25),
both isoforms behaved in the same way in our early spreading
system (Fig. S1 Aand B). Thus, we find that this shRNA trans-
fection causes the loss of over 90% of the endogenous α-actinin.
We then plated cells on fibronectin-coated coverslips, fixed

them, and stained for α-actinin, f-actin, and the focal adhesion
protein paxillin. After 15 min of spreading, α-actinin in control
(NT-transfected) cells first assembled as a rim in the lamellipo-
dium (Fig. 1B). In this rim, small nascent adhesions containing
paxillin and α-actinin could be observed, but neither stress fibers
nor large focal adhesions had formed (Fig. 1B). After 1 h of
spreading, cells transitioned from a rounded isotropic to a po-
larized shape, where α-actinin colocalized with paxillin at focal
adhesions forming the ends of actin stress fibers. However,
α-actinin–depleted cells remained in an isotropic shape even 1 h
after spreading, and focal adhesions and stress fibers did not
form. Thus, α-actinin was required to develop focal adhesions
and stress fibers, as previously reported (18). To understand if
α-actinin performed this role in adhesions by mechanically con-

necting them to the cytoskeleton, we rescued depleted cells with
either full-length (FL) α-actinin 1-GFP or a construct where the
actin binding domain (ABD) had been deleted (ABDdel). In
early spreading cells, both FL-rescued and ABDdel-rescued cells
developed a rim of GFP staining that colocalized with paxillin
adhesions. However, at 1 h, only FL α-actinin was capable of
maturing into focal adhesions as in control cells (Fig. 1B). In-
deed, the ABDdel construct still localized at the rim of the
lamellipodium, but did not mature. To quantify these results, we
measured the length of paxillin adhesions (Fig. 1C). Confirming
our observations, adhesion length increased over threefold from
the 15 min to the 1-h time point in control cells and α-actinin–
depleted cells rescued with FL α-actinin-GFP. In contrast, ad-
hesion length did not increase during the same period in cells
depleted of α-actinin or rescued with ABDdel-GFP.
To check the dynamics of this process, we monitored the

spreading of cells rescued with either FL or ABDdel α-actinin-
GFP using total internal reflection fluorescence (TIRF) time-lapse
microscopy (Fig. S2). This technique allowed us to monitor only
the bottom layer of the cell, directly in contact with the ECM, and
thus responsible for adhesion formation. Time-lapse sequences
confirmed that the initial lamellipodial rim of FL α-actinin quickly
transitioned into elongated adhesion sites extending rearward into
the cell (Fig. S2 and Movie S1). In contrast, the rim of ABDdel
α-actinin did not coalesce into mature adhesion sites (Fig. S2 and
Movie S2). Even though it also showed a diffuse cytoplasmic
distribution, ABDdel α-actinin still localized specifically to initial
adhesions at the lamellipodium. Thus, this finding suggests that
the absence of a connection to actin prevented adhesion matu-
ration and cell polarization.
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Fig. 1. Binding of α-actinin to actin enables adhesion maturation. (A) Western blot showing levels of total α-actinin and α-actinin 4 in cells transfected with
a shRNA with a NT or α-actinin 4 targeting (α-act) sequence. (B) Cells transfected with NT or α-actinin shRNA and rescued with FL or ABDdel α-actinin-GFP
stained after 15 min or 1 h for F-actin, α-actinin, and paxillin. In rescue cells, α-actinin image is the corresponding GFP construct. Expanded views amplify the
areas marked with a white rectangle. (Scale bar, 20 μm.) (C) Quantification of paxillin adhesion length for the different conditions at the 15-min and 1-h time
points. Both NT-transfected cells and α-actinin depleted cells rescued with FL α-actinin-GFP experienced significant increases in adhesion size with time (P <
0.01), whereas α-actinin depleted cells either not rescued or rescued with ABDdel-GFP did not (n ≥ 6 cells measured on 2 different days).
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Force Transmitted Through α-Actinin Triggers Adhesion Maturation
and Mechanosensing. We next analyzed whether α-actinin trig-
gered adhesion maturation by transmitting forces between the
actomyosin cytoskeleton and the ECM. To do this, we used
a magnetic tweezers device to apply high pulsatile forces of 1 nN
[a force magnitude characteristic of maturing adhesions (26)] to
fibronectin-coated magnetic beads attached to cells (Fig. 2A).
The diameter of the beads (3 μm) was sufficient to allow cells to
form paxillin-rich mature adhesions around the beads (Fig. S3A).
It has been shown that the application of forces to cell-ECM
adhesions results in their reinforcement (27) and maturation (3).
Consistently, in NT cells there was a progressive decrease in the
force-induced displacements as a function of time, showing that
the cell detected the applied force and responded to it by rein-
forcing the adhesion (Fig. 2B). However, there was no decrease
in the oscillation of beads on α-actinin–depleted cells as a func-
tion of time and, thus, they did not reinforce (Fig. 2B). Re-
inforcement was rescued by FL α-actinin-GFP (although a little
less robustly than in control cells) but not by the ABDdel con-
struct (Fig. 2C). This finding showed that the bridging to actin

was crucial. Thus, α-actinin was necessary for transmitting forces
from the cytoskeleton to adhesion sites, enabling mechano-
transduction, reinforcement, and the subsequent maturation of
focal adhesions.

α-Actinin and Its Fragments Mediate Force Generation and Release. If
forces from the cytoskeleton were transmitted to adhesion sites
by α-actinin, then blocking this link should cause a decrease in
cell-ECM traction forces. To measure traction forces, cells were
plated on flexible fibronectin-coated polydimethylsiloxane pil-
lars. As the cells spread, they adhered and deflected the pillars by
a distance that was directly proportional to the applied force
(Fig. 3A). As expected, α-actinin–depleted cells rescued with FL
α-actinin-GFP exerted the same forces as NT cells. In contrast,
ABDdel-rescued cells exerted reduced forces (Fig. 3 B and C).
This result indicated that α-actinin–actin interactions contrib-
uted to force generation. However, cells depleted of α-actinin,
but not rescued with any mutant, exerted higher forces than all
other cells (Fig. 3 B and C). Thus, the presence of α-actinin itself
impaired force generation. This effect of α-actinin could not be
merely a result of interactions with actin, because the ABDdel
construct dramatically reduced contractility in depleted cells with-
out restoring actin binding. Alternatively, α-actinin fragments could
be binding integrins and blocking binding and force transmission
by another molecule. To test for this possibility, we prepared
a construct (SR12-GFP) containing only the integrin binding
domains of α-actinin, the spectrin-like repeats (SR) 1 and 2.
These repeats do not contain binding domains for other focal
adhesion components, such as vinculin (29) or zyxin (30) (Fig.
3D). Similarly to ABDdel-GFP, SR12-GFP colocalized with
paxillin in nascent adhesions, but did not rescue focal adhesion
formation (Fig. S4A) or mechanotransduction (Fig. S4 B and C)
in α-actinin–depleted cells. In the pillar force assay, if integrin
binding by α-actinin was sufficient to block force generation,
rescue of α-actinin depleted cells with SR12-GFP or ABDdel-
GFP should lead to the same reduced forces, as was indeed
observed (Fig. 3 B and C). Thus, cells expressing α-actinin’s SR1
and SR2 domains pulled with lower forces than controls,
whereas cells depleted of α-actinin pulled with higher forces than
controls. Forces in depleted cells were also maintained longer
and were less dynamic than in controls (Fig. 3E, and Movies S3
and S4). A possible explanation for these findings was thus that
α-actinin normally competed with an early integrin–actin link
during adhesion maturation.

α-Actinin and Talin Compete for Binding to Integrin β3 Tails. Talin
may be this early integrin–actin link competing with α-actinin
during adhesion maturation, because it was necessary for spread-
ing, force generation on the ECM, and mechanosensing at the
earliest stages of adhesion (11, 31), and its binding domain in
integrin β-tails overlaps with that of α-actinin (22, 23). To explore
whether talin and α-actinin could compete for the binding to
integrin β-tails, we first analyzed the distribution of α-actinin, talin,
and β1 and β3 integrins (the two main fibronectin receptors (27,
32)). After 15 min of spreading, initial adhesions showed coloc-
alization between talin, α-actinin, and β3 integrins (Fig. 4 A and B).
In contrast, β1 integrins did not clearly localize to initial adhesions
(Fig. 4 C and D), confirming the predominant role of β3 in early
adhesion steps (12, 33). After 1 h of spreading, both integrins
colocalized with α-actinin and talin in mature focal adhesions as
expected (Fig. 4 A–D). This colocalization was confirmed by cal-
culating Pearson correlation coefficients between talin and
α-actinin and both integrins (34). Pearson coefficients were high
(0.6–0.8) in all cases except between α-actinin and β1 integrins in
initial adhesions, confirming our observations (Fig. 4E). Correla-
tion coefficients were also slightly higher between integrins and
talin than between integrins and α-actinin (Fig. 4E), probably
reflecting that α-actinin also localizes to actin filaments outside
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Fig. 2. Force transmitted through α-actinin triggers adhesion maturation
and mechanosensing. (A) Magnetic tweezers assay (from left to right). Fi-
bronectin-coated 3-μm magnetic beads are deposited on a substrate where
cells are allowed to spread. As the cells spread, they contact and adhere to
the beads, and start transporting them with the rearward moving actin cy-
toskeleton (black arrow). At this point, a magnetic tip is placed close to the
bead and a 1-nN force pulsating at 1 Hz is applied (orange arrow). The
pulsation of the bead in response to the force is then monitored. (B) Ex-
ample bead traces (Left) and average relative stiffness (Right) as a function
of time of fibronectin-coated beads submitted to a 1-nN force pulsating at
1 Hz attached to cells transfected with NT or α-actinin shRNA. The sample
traces show the oscillation of the beads as a function of time in response to
the applied force (which begins at the 20-s time point). Relative stiffness
values represent bead stiffness (applied force/observed movement) nor-
malized by initial stiffness. Thus, a constant value of 1 would indicate that
stiffness is constant (no reinforcement), whereas values higher than one
indicate reinforcement (reduced bead pulsation) from initial movement. (C)
Example bead traces and average relative stiffness for cells transfected with
α-actinin shRNA and rescued with FL or ABDdel α-actinin-GFP. (P < 0.05 for
both B and C, n ≥ 26 beads from ≥ 11 cells measured on 2 different days).
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adhesions. In α-actinin–depleted cells, talin not only colocalized
with remaining α-actinin, but maintained a distribution strikingly
similar to the characteristic lamellipodial rim observed in α-actinin
(Fig. S5). Using an immunoprecipitation approach, α-actinin also
coprecipitated with β3 integrins, much more strongly in control
cells than in α-actinin–depleted cells (Fig. 4F). This coprecipitated
α-actinin was observed at the expected α-actinin molecular weight
(100 KDa) but more strongly at a lower band at 80 kDa, suggesting
that some α-actinin was degraded during the immunoprecipitation
procedure. This same 80-kDa α-actinin band was observed when
coprecipitated with β1 integrins (Fig. 4G), although the expected
undegraded band at 100 kDa was not clear. Thus, α-actinin frag-
ments coprecipitated with β1 integrins, although we could not
confirm that full-length α-actinin did. However, β1 integrin–
α-actinin interactions have been clearly observed in vitro (28, 35,
36). Thus, α-actinin binds to β3 integrins in vivo, and colocalizes
with β3 integrins and talin in nascent adhesions, enabling a poten-
tial competition.
To test directly if talin and α-actinin competed for binding to

β-integrin tails, we conducted an in vitro competition assay. We
first purified the cytoplasmic domains of β1 and β3 integrins, and
the integrin binding domains of talin [talin head (37)] and
α-actinin [the SR12 domain (28)]. We then bound the integrin
tails to Ni-NTA beads through a 6xHis-tag, incubated the beads
with talin head and α-actinin-SR12, and used Western blotting to
evaluate their binding after washing. Using this assay, we initially
confirmed the specificity of the interaction by checking that the
talin head and α-actinin-SR12 bound to β1 or β3 integrin-coated
beads, but not to beads coated with a mutant of the β3 with
a scrambled amino acid sequence (Fig. 4H). We then observed
that the presence of α-actinin-SR12 impaired the binding of talin

to β3 integrin tails, whereas it enhanced talin binding to the β1
integrin tail (Fig. 4I). Because the β3 integrin is required for early
adhesion formation (12, 33) and the β1 integrin is involved in
more mature adhesions (38), this difference indicates that
α-actinin would inhibit talin binding to early adhesions but may
enhance binding in mature adhesions.

Initial Adhesion Formation Is Enhanced Upon α-Actinin Depletion.
Our data seem thus to suggest a model in which talin first medi-
ates binding and activation of β3 integrins (10) and the subsequent
force generation and reinforcement of initial adhesions (11, 12).
Then, α-actinin competes with talin to bind β3 integrins, transmit
forces, and trigger maturation (Figs. 1 and 2). This model predicts
that the initial talin-mediated step of adhesion formation should be
enhanced after depleting α-actinin because of reduced competi-
tion. To test this theory, we placed 0.5-μm beads in contact with the
lamellipodium of cells with an optical trap, and observed the ability
of cells to adhere to the beads and pull them out of the trap (Fig.
S3). In contrast to the 3-μm beads used earlier for the magnetic
tweezers assay, these beads were too small to support adhesion
maturation without external forces (Fig. S3A), and were thus suited
to test only initial adhesion formation. In earlier results, we showed
that talin depletion drastically reduced the ability of cells to pull
beads out of the optical trap (31). In contrast and as predicted,
α-actinin–depleted cells pulled the beads more rapidly (Fig. S3 C
andD) and with more persistent linkages that resisted stalling (Fig.
S3E). After normalizing by actin rearward flow (which was slightly
but nonsignificantly higher in α-actinin–depleted cells) (Fig. S3 F
and G), pulling speeds in α-actinin–depleted cells remained strik-
ingly higher (Fig. S3H). Thus, the difference observed was not
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caused by changes in rearward speed [or in talin expression levels,
which remained unaffected (Fig. S1C)].

α-Actinin and Not Talin Correlates with Force Generation in Mature
Adhesions. To further test this model, we used TIRF time-lapse
microscopy to analyze the spreading on fibronectin of cells
cotransfected with α-actinin-GFP and talin-mCherry. This pro-
cess showed that maturing adhesions progressively recruited
both talin and α-actinin, with α-actinin recruitment being ap-

parently faster (Fig. 5 A–C and Movie S5). Thus, competition for
β3 binding could explain the incorporation of α-actinin, although
this would not lead to a substitution of talin but rather to stable
fractions of α-actinin and talin-bound β3 tails. As adhesions
matured, incorporation of β1 integrins may further help recruit-
ing both talin and α-actinin in a cooperative manner. Regardless
of this, however, if adhesion maturation is triggered by forces
transmitted by α-actinin and not talin, then in mature adhesions
α-actinin and not talin should regulate forces on the matrix. To
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test this hypothesis, we analyzed the forces generated over time
by cells cotransfected with α-actinin-GFP and talin-mCherry and
plated on fibronectin-coated 1-μm pillars. When attached to
pillars larger than 0.5 μm, cells organize their adhesions around
each pillar, thus allowing the study of adhesion dynamics and
force generation for each individual pillar (39). After adhering to
pillars, cells indeed localized both talin and α-actinin in circles
around each pillar (Fig. 5D). However, whereas the intensity of
talin fluorescence around each pillar remained fairly constant,
that of α-actinin was highly dynamic (Fig. 5 E and F and Movie
S6). Furthermore, the oscillations in fluorescence intensity of
α-actinin showed a moderate correlation with force generation
on the underlying pillars (Figs. 5 F and G), suggesting that
α-actinin could regulate force transmission. The correlation be-
tween force generation and talin dynamics was significantly lower
(Fig. 5 F and G). To check if the constant intensity of talin-
mCherry could be because of an artifact, we repeated the ex-
periment with GFP-talin. GFP-talin localized identically to talin-
mCherry for cells spread on fibronectin-coated glass (Fig. S6A)
and in most cases also showed a constant intensity on pillars
uncorrelated to pillar force (Fig. S6 B–D). The constant talin
fluorescence levels, however, may still hide small scale oscil-
lations correlated with force. To discard this, we specifically
searched for pillars that didn’t have constant talin levels, and
showed visible force and talin fluorescence fluctuations. These
fluctuations were not correlated (Fig. S6 E–G). Thus, force

generation in mature adhesions better correlated with the re-
cruitment of α-actinin than talin.

Cell Response to α-Actinin Depletion Depends on Integrin Specificity
of the Substrate. Another prediction of our model is that the
different interactions between α-actinin and talin with β3 integ-
rins (competition) and with β1 integrins (cooperation and per-
haps weaker interaction in vivo) should lead to opposite effects
of α-actinin depletion on substrates binding to β3 or β1 integrins.
To test this hypothesis, we analyzed cell force generation on
pillars coated with either vitronectin or collagen I, matrices
which bind respectively to β3 and β1 integrins (32, 40). On
vitronectin-coated pillars we obtained the same results as on fi-
bronectin (Fig. 3 B and C). Namely, the depletion of α-actinin
resulted in increased forces, which decreased to control levels
upon rescue with FL α-actinin, and were reduced even further
upon rescue with SR12-GFP (Fig. 6 A and B). On collagen-
coated pillars, as predicted, we found the opposite results: in
α-actinin–depleted cells, force generation was decreased. Rescue
of depleted cells by FL α-actinin increased force generation, but
rescue with SR12-GFP did not (Fig. 6 C and D). This substrate-
specific behavior strongly suggests direct force transmission be-
tween integrins and α-actinin in vivo, and further supports our
competition/cooperation model. Indeed, on collagen, α-actinin–
depleted cells would show decreased force generation because of
decreased cooperation between α-actinin and talin for β1 bind-
ing. Alternatively, if interactions of α-actinin with β1 integrin
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were less relevant than with β3 (as suggested by the immuno-
precipitation results), decreased forces on collagen could simply
be a result of decreased actin cross-linking. The only partial
rescue of force generation in α-actinin 4 depleted cells by FL
α-actinin 1 may hint at a specific role of α-actinin 4. Indeed, such
a specific role of α-actinin 4 in stress fiber cross-linking has been
suggested (25).

Alternative Hypotheses. Actin cross-linking is one of the main
functions of α-actinin (17, 18), and could potentially explain some
of our phenotypes. Indeed, a myosin IIA mutant (GFP-MIIA-
N93K) that constitutively cross-links actin (5, 41) but has no motor
activity (42) was shown previously to rescue the orientation and
elongation of maturing adhesions in α-actinin–depleted cells (18).
To evaluate this result, we rescued actin cross-linking in α-actinin–
depleted cells with GFP-MIIA-N93K. However, whereas we did
observe that rescued cells had longer and more centripetally ori-
ented adhesions, the large focal adhesions present in control cells
were not restored (Fig. S7 A and B). Similarly, GFP-MIIA-N93K
rescue did not change force generation of depleted cells (Fig. S7 C
and D), nor did it rescue reinforcement (Fig. S7 E and F). Thus,
restoring actin cross-linking is not sufficient to enable focal adhe-
sion formation, normal force generation, or mechanotransduction.
Besides actin cross-linking, overexpression of myosin light

chain 2 (MLC2) has also been suggested to explain the increased
contractility on collagen of cells from a stable α-actinin 4 knock-
down line (43). We observed an opposite effect on collagen (Fig.
6 C and D), and we did not observe an overexpression of MLC2
(Fig. S1C). This finding suggests that high contractility and
MLC2 expression could be a compensatory mechanism of the
stable knock-down cell line. Furthermore, this knock-down cell
line had unmodified levels of total α-actinin (unlike with our
shRNA approach) (Fig. 1), likely masking any effect of compe-
tition or cooperation. Thus, neither actin cross-linking nor
MLC2 expression could explain our results. This finding is
therefore consistent with the substrate-specific role of α-actinin
in force generation (Fig. 6), which may not be explained by
interactions of α-actinin with binding partners like actin or
myosin. In conclusion, only effects on substrate-specific molecules

like integrins could account for our results. These effects should
be given by α-actinin–integrin interactions and not by indirect
effects on integrin expression, because integrin expression levels
on the membrane before spreading were not affected by α-acti-
nin depletion or the different α-actinin mutants studied (Fig. S8).

Discussion
Here, we show that α-actinin competes with talin for the binding
to the tails of β3 integrins, and cooperates for the binding to β1
integrins (Fig. 4). A structural alignment model had already sug-
gested this cooperation for β1 binding (28), whereas the compe-
tition for β3 binding might arise from the sequence differences
between β3 and β1 cytoplasmic tails (40%) (22, 28). These inter-
actions can explain why α-actinin impairs the talin- and β3-de-
pendent formation of nascent adhesions (Fig. S3) and also the
opposite effects of α-actinin on the generation of force on collagen
vs. fibronectin/vitronectin substrates (Figs. 3 and 6). Once bound
to integrins, α-actinin appears to transmit force from the cyto-
skeleton to integrins (Fig. 3), triggering mechanotransduction
(Fig. 2) and adhesion maturation (Fig. 1). As adhesions are
formed, α-actinin correlates with force generation (Fig. 5). We
thus show how α-actinin transmits force to initial adhesions, and
catalyzes adhesion maturation. This mechanism also explains
earlier findings showing that α-actinin is required for adhesion
maturation (18), and that fragments of α-actinin can impair focal
adhesion formation (20, 21).
Although the role and relevance of the actin cross-linking

properties of α-actinin are well studied (17), here we find that
actin cross-linking does not rescue focal adhesion formation,
force generation, or mechanotransduction in α-actinin–depleted
cells (Fig. S7). Even though it has been previously suggested
(43), changes in MLC expression are not consistent with our
results either (Fig. S1). Other alternative hypotheses could be
envisioned: α-actinin changes could be acting through effects on
stress fibers (19), signaling through tyrosine phosphorylation
(44), or by interacting with myosin and impairing force genera-
tion, for example. However, these mechanisms do not depend on
the ECM, and therefore cannot explain the opposite effects of
α-actinin depletion on collagen versus fibronectin or vitronectin
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matrices (Figs. 3 and 6). The finding that expressing α-actinin’s
integrin binding domain dramatically reduced force generation
on fibronectin in depleted cells without restoring actin binding,
stress fibers, or focal adhesions (Figs. 1 and 3) further discards
any explanation based merely on actin interactions. Thus, only
interactions between α-actinin and matrix-binding molecules like
integrins can explain our data. For example, α-actinin could have
an opposite role in the activation of β1 vs. β3 integrins. However,
talin and kindlin appear to be sufficient for activating integrins
(10, 37, 45), and any impairment of activation should result in
a decrease not only in forces but also in spreading and adhesion
on the corresponding substrate, which we did not observe. In-
direct effects of α-actinin depletion on integrin expression were
also discarded (Fig. S8). The simplest substrate-specific mecha-
nism that can account for our results is therefore the observed
competition between talin and α-actinin for binding to β3
integrins, and cooperation (or perhaps weak or no interaction) in
binding to β1 integrins.
Based on this competition/cooperation mechanism, we pro-

pose the following model. First, the early molecular mechanical
contacts between the cell and the ECM are formed in a process
that can be measured with the small probes and low forces
characteristic of optical tweezers. In this step on fibronectin, talin
forms an initial link between β3 integrins and the cytoskeleton
that results in forces on the ECM (12). Talin is required to ac-
tivate β3 integrins (10) for binding to the ECM, and its stretching
by force can readily lead to mechanotransduction events such as
vinculin binding (13) and initial adhesion reinforcement. This
step appears to be inhibited by α-actinin, because it will compete
with talin for binding to β3 integrins but it will not activate
integrins, impairing integrin-fibronectin binding and, therefore,
the formation of a nascent adhesion. Once the early adhesion
forms, the normal turnover of talin (46) could result in re-
placement by either another talin or a competing α-actinin mol-
ecule. This process leads to a progressive buildup of α-actinin
molecules in adhesions, reaching an eventual equilibrium between
integrin-bound α-actinin and talin molecules. At this point,
α-actinin can effectively connect actin to integrins (which have
previously been activated by talin) and transmit forces to the
ECM. This force transmission leads to another mechanotrans-
duction step (measurable with larger probes and the higher forces
exerted by magnetic tweezers) resulting in adhesion maturation. In
mature adhesions, further from the leading edge and where
β1 integrins predominate (38), talin and α-actinin could then
strengthen the adhesion by possibly cooperating in binding to β1.
Regarding the fraction of α-actinin molecules likely bound to
integrins, both termini of α-actinin have been recently found in
average to localize closer to actin than to integrins in the z axis
(47), an expected result because in the α-actinin antiparallel dimer
both termini are right next to an actin binding domain. This result
suggests that the fraction of α-actinin involved in integrin binding
is the minor fraction of the total α-actinin.
In α-actinin–depleted cells, talin would still mediate initial

force generation, but it would not be replaced by α-actinin,
leading to a high-force state without stress fibers or focal adhe-
sions that does not further mature. Interestingly, this phenotype
of α-actinin–depleted cells confirms that, even if there is often
a correlation, force generation does not require stress fibers and
focal adhesions. Indeed, high forces in spreading cells are gen-
erated early and coinciding with the beginning of the P2
spreading phase, when focal adhesions are not yet formed (48–
50). Therefore, a contractile actin cytoskeleton can generate high
forces with only early adhesions. Even if talin is known to me-
diate this initial force generation, however, it remains unclear
how forces are transmitted in the absence of α-actinin. Indeed,
we did not observe a correlation between talin and force gen-
eration (Fig. 5) and talin domains are two orders of magnitude
softer than α-actinin’s (16), suggesting that their stretching may

not be very effective at transmitting forces. Supporting this
theory, stretching cycles of single talin molecules (39) have
a time scale which does not coincide with that of force genera-
tion in small adhesions (51). Thus, although talin stretching
could provide the initial mechanosensing event leading to the
formation of initial adhesions, molecules recruited downstream
of this event (currently unidentified) could be responsible for the
transmission of forces. In any case, in the absence of α-actinin
this force transmission would not lead to adhesion maturation.
In the maturation step, the properties of α-actinin as a docking

platform put it in an ideal position to serve as a connector to the
actin cytoskeleton, where it binds more tightly than talin (52).
First, α-actinin could trigger mechanotransduction and sub-
sequent adhesion maturation by transmitting forces to several
binding partners, including integrins themselves, vinculin (53),
zyxin (30), zyxin binding proteins such as p130Cas (54) or Ena/
VASP proteins (55), and others. Second, it could adjust this
force transmission through mechanisms such as the regulation of
its integrin binding (56) or actin cross-linking (57) by phosphoi-
nositides. Third, α-actinin could promote adhesion dynamics and
force release by serving as a docking platform for FAK (44, 58,
59) or upon cleavage by calpain (60). Thus, although the specific
mechanisms remain to be elucidated, these interactions could
allow α-actinin to increase force generation through increased
actin cross-linking and integrin binding. This process would then
result in the dynamic force generation enabled by α-actinin (Fig.
3E), and supports the correlation observed between force gen-
eration and α-actinin recruitment (Fig. 5).
In summary, we establish that α-actinin competes with talin for

binding to β3 integrin. We suggest that α-actinin enters nascent
adhesions through this competition, and then triggers adhesion
maturation, dynamic force generation, and force release by con-
necting integrins to the cytoskeleton. Once the two mechano-
transduction steps led by talin and α-actinin have established both
initial and mature adhesions, the cell is in place for the essential
biomechanical cell–ECM interplay that determines downstream
processes in motility, development, and cancer. Given the inte-
gration of multiple signals and the various steps that cells require
to develop adhesions for biological functions, nonlinear mecha-
nisms, such as the one unveiled here, are likely to occur in many
motile phenomena.

Materials and Methods
Spreading Experiments. For spreading experiments, cells were trypsinized
(0.05% Trypsin-EDTA) and resuspended in Ringer buffer solution (150 mM
NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 20 mM Hepes, and 2 g/L glucose,
pH 7.4). After allowing the cells to recover for 30 min at 37 °C, cells were
then plated on coverslips silanized with 1,1,1,3,3,3,-hexamethyldisilazane
(Sigma) and coated with 10 μg/mL fibronectin (Roche) for 2 h at 37 °C. For
immunofluorescence microscopy, cells were then fixed with 4% (vol/vol)
paraformaldehyde, permeabilized with 0.1% Triton X-100, and labeled first
with primary antibodies (1 h at room temperature) and then Alexa-conju-
gated IgG secondary antibodies (1 h at room temperature; Invitrogen). Actin
was stained with phalloidin-Texas red (Invitrogen) together with primary
antibodies. Integrin β3 and talin localization were assessed by transfecting
cells with integrin β3-GFP, GFP-talin, and talin-mCherry (not with antibodies).
Fluorescence, differential interference contrast, and TIRF images were taken
using an Olympus IX81 fluorescence microscope with a 60×, N.A. 1.45 ob-
jective. To quantify colocalization between proteins, the Pearson correlation
coefficient between images was calculated using the JaCoP plugin in ImageJ
(34) after removing image background. Only the cell periphery where
adhesions form was used for the analysis.

Magnetic and Optical Tweezer Measurements. Carboxylated 3-μm magnetic
beads (Invitrogen) and silica beads (Kisker Biotech), and avidinated 0.5-μm
silica beads (Bangs laboratories) were coated with a mixture of biotinylated
pentameric FN7-10 and biotinylated BSA as previously described (27). FN7-10
(61) is a four-domain segment of fibronectin responsible for cell binding and
containing the RGD and PHSRN motifs. Reinforcement was measured with
magnetic tweezers as previously described (27). Briefly, magnetic beads in
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cell lamellipodia were observed for 20 s and then submitted to a 1-Hz 1-nN
pulsation. Reinforcement was calculated as bead stiffness (applied force/
pulsation amplitude) normalized by initial stiffness. For optical tweezer
measurements, 0.5-μm beads were captured with a 100-pN/μm laser trap
setup (Axiovert 100TV; Zeiss), brought into contact with the cell (1–2 μm
from the leading edge), and tracked while the cell established adhesion and
attempted to displace them from the trap. In the same cells, the movement
of cytoplasmic markers near the beads was also tracked to estimate the
speed of rearward flow.

Pillar Measurements. Preparation of pillar arrays (6-μmheight, 1-μmdiameter,
2-μm center to center, k =1.87 nN/μm) coated with 10 μg/mL of fibronectin
(Invitrogen), collagen I (Roche Applied Science), or vitronectin (Invitrogen)
and measurement of forces exerted by cells on them was done as previously
described (9). Briefly, multiple-particle tracking software (62) was used to
calculate the deflection d of pillars from the initial undeflected array. Pillar
forces were then calculated as kd, and the strain energy exerted by the cell
on the pillars was calculated as the sum of 1/2 kd2 for all pillars in the cell
periphery. Correlations between pillar force and GFP and mCherry fluores-
cence intensities (Fig. 5) were computed by detrending the pillar force and
fluorescence traces (obtained with a 60× objective in an Olympus Fluoview
FV500 laser-scanning confocal microscope) and then calculating the nor-
malized cross-correlation function between them.

Western Blotting and Pull-Down Assays. Cells were rinsed once with PBS and
lysed with RIPA buffer or Nonidet P-40 buffer (for immunoprecipitation). For
imminoprecipitation, lysates were then incubated for 1 h with rabbit poly-
clonal anti-β3 or anti-β1 Ab (Millipore) and 1 h with protein A/G slurry (Santa
Cruz), and washed three times. Samples were then combined with 4×
loading buffer, boiled for 5 min at 100 °C and loaded onto 4–20% gradient
Tris-glycine gels (Lonza). Protein was then transferred to an Optitran rein-
forced nitrocellulose membrane (Whatman), which was blocked with 5%
(wt/vol) dry milk-Tris buffered saline (TBS) and incubated with primary
antibodies overnight at 4 °C. The membrane was then incubated with sec-
ondary anti-rabbit or anti-mouse–HRP Abs (Amersham Biosciences), or
Clean-Blot IP Detection Reagent (Thermo Scientific). HRP signal was detected
with ECL Western blotting reagents (Amersham Biosciences) on Hyblot CL
film (Denville Scientific). As the β3 Ab did not recognize denatured β3, for β3
immunoprecipitation cells were also transfected with β3-GFP, and EGFP Ab
was used to quantify pull-down. For in vitro pull-down assays, 6xHis-tagged
β1A, β3, and β3SCR integrin cytoplasmic tails were expressed as described
previously (63) from cDNAs obtained as a gift from the Ginsberg laboratory
(San Diego, CA). His-tagged talin head (aa 196–405) was a gift of the
Critchley laboratory (Leicester, United Kingdom). The His-tag in the
expressed talin head protein was cleaved before experiments. The SR12
construct was cloned from the GFP vector used for cell transfection into the
pGEX-6P-1 vector, and then the expressed GST-protein was purified. Pull-
down assay was then conducted by first binding the integrin tails to Ni-NTA
magnetic beads (Qiagen), and then mixing with SR12-GST or talin head as
described previously (63). After washing beads, Western blotting was used

to detect binding of talin head (H-300 polyclonal talin antibody; Santa Cruz
Biotechnology) and SR12-GST (GST monoclonal antibody; Millipore). Signal
quantification was done with ImageJ software.

Cells, Constructs, and Reagents. Mouse embryonic fibroblasts were cultured
in DMEM supplemented with 10% (vol/vol) FBS. Transfection was carried
out using the Amaxa Nucleofector System (Lonza), using 106 cells per re-
action and 5–6 μg DNA. shRNA pLKO.1-puro vectors with a nontargeting
sequence (CAACAAGATGAAGAGCACCAA) and a sequence targeting mouse
α-actinin 4 (CCTCTCTTTCTCAGTCTTGTA) were from Sigma. Cells were
transfected 4 d before measurements and selected using 1.5 μg/mL puro-
mycin (Sigma) 6 h after transfection. Antibodies used for immunostaining
and Western blotting were polyclonal rabbit antibodies against α-actinin 4
(Alexis Biochemicals), total myosin light chain (MRCL3/MRCL2/MYL9; Santa
Cruz), MLC2 (Cell Signaling) monoclonal mouse antibodies against total
α-actinin (US Biological; clone O.T.02), GADPH (Santa Cruz Antibodies; clone
sc-32233), paxillin (BD transduction laboratories; clone 349), talin (Sigma;
clone 8D4), and EGFP (Clontech; 632569) and monoclonal rat antibody
against activated β1 integrin (BD Biosciences; clone 9EG7). To check integrin
expression levels on the membrane, we used function-blocking mono-
clonal antibodies against α5β1 (Millipore; clone BMB5 in rat), β3 (Beckton
Dickinson; clone 2C9.G2 in Armenian hamster), and Trinitrophenol (Beckton
Dickinson; clone A19-3 in Armenian hamster). Human α-actinin 1-GFP (50) and
integrin β3-GFP (64) were described previously. ABDdel and SR12 constructs
were mutated from α-actinin-GFP using the Quikchange mutagenesis kit
(Stratagene). In ABDdel, the actin binding domain (amino acids 30–253) was
deleted, and SR12 contained only the first 29 amino acids of the protein,
domains SR1 and SR2 (amino acids 267–507), and the last 5 amino acids. Talin-
mCherry was prepared from GFP-talin, which was described previously (11).
GFP-MIIA-N93K was a gift of Miguel Vicente-Manzanares (Universidad
Autónoma de Madrid, Madrid, Spain) (18).

Statistical Analysis. Statistical comparisons were done with two-tailed Stu-
dent t tests when two cases were compared and with ANOVA tests when
more comparisons were done. When data did not meet normality criteria,
Mann–Whitney rank sum tests were performed instead. All data shown
are mean ± SEM.
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