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It is widely postulated that mechanotransduction is initiated at the
local force–membrane interface by inducing local conformational
changes of proteins, similar to soluble ligand-induced signal trans-
duction. However, all published reports are limited in time scale to
address this fundamental issue. Using a FRET-based cytosolic Src
reporter in a living cell, we quantified changes of Src activities as
a local stress via activated integrins was applied. The stress induced
rapid (<0.3 s) activation of Src at remote cytoplasmic sites, which
depends on the cytoskeletal prestress. In contrast, there was no Src
activation within 12 s of soluble epidermal growth factor (EGF)
stimulation. A 1.8-Pa stress over a focal adhesion activated Src to
the same extent as 0.4 ng/ml EGF at long times (minutes), and the
energy levels for mechanical stimulation and chemical stimulation
were comparable. The effect of both stress and EGF was less than
additive. Nanometer-scale cytoskeletal deformation analyses re-
vealed that the strong activation sites of Src by stress colocalized
with large deformation sites of microtubules, suggesting that
microtubules are essential structures for transmitting stresses to
activate cytoplasmic proteins. These results demonstrate that rapid
signal transduction via the prestressed cytoskeleton is a unique
feature of mechanotransduction.

cytoskeleton � growth factor � mechanical force � prestress � microtubule

The sensing and response of living cells and tissues to me-
chanical forces and physical microenvironments are critical

for their functions and survival (1–3). However, the underlying
mechanisms remain largely elusive. Various models of mech-
anotransduction have been proposed (2, 4, 5); the most straight-
forward model involves force-induced local conformational
changes of proteins (6). It is generally believed that like soluble
ligand-induced signal transduction, mechanotransduction ini-
tiates at the local force–membrane interface (e.g., at focal
adhesions) by inducing local conformational changes or unfold-
ing of membrane-bound proteins, followed by a cascade of
diffusion-based or translocation-based signaling in the cyto-
plasm. Recent reports demonstrate force-induced dynamic
changes in Src activity (7), mechanical extension of the Src family
kinase substrate p130Cas (8), and forced unfolding of proteins
in living cells (9). However, all published reports, including past
studies with the reporter-type of construct extended here (7), are
limited in time scale. Therefore, it has not been possible to
compare early dynamics of mechanotransduction with that of
soluble ligand-induced signal transduction. Here, we applied a
local stress of physiologic magnitude and simultaneously imaged
changes in Src activity in living cells by using a CFP-YFP Src
reporter and fluorescence resonance energy transfer (FRET)
technology. We show that stress-induced Src activation occurs
rapidly in the cytoplasm and depends on the integrity of the
microfilaments and microtubules, substrate rigidity, and the
cytoskeletal prestress, drastically different from soluble ligand-
induced signal transduction.

Results and Discussion
Stress-Induced Src Activation Is Rapid. To measure early dynamics
of mechanotransduction, we transfected a CFP-YFP cytosolic

Src reporter (7) into smooth muscle cells that were plated on
collagen-1-coated rigid dishes in the absence of serum and
growth factors. Spatiotemporal changes of Src activities were
assessed by quantifying changes in FRET ratio of the Src
reporter in the cytoplasm. After an Arg-Gly-Asp (RGD)-coated
magnetic bead (4.5 �m in diameter) was bound to integrin
receptors on the cell apical surface for 15 min, a local mechanical
stress (step function, 17.5 Pa) was applied to the cell by turning
on the magnetic field. This stress induced rapid (�0.3 s),
punctuated activation of Src at remote cytoplasmic sites (�20
�m) in individual living cells [Fig. 1 A and B and supporting
information (SI) Fig. S1]. In contrast, Src activation did not
occur until 12 s after epidermal growth factor (EGF, �40 ng/ml
on the apical plasma membrane) was released near the cell with
a micropipette (�1 �m from micropipette tip to the cell surface)
(Fig. 1 C and D and Fig. S2). Inhibition of Src activity with a
specific inhibitor PP1 before or after stimulation prevented or
inhibited EGF-induced Src activation (Fig. S3). The Src activa-
tion by EGF was more uniformly distributed in cytoplasm (Fig.
S2), quite different from the concentrated Src activation patterns
induced by the applied stress. By using a pixel-by-pixel image-
correlation analysis, the spatial distribution of Src activation by
stress was quantified (Fig. 1E). There was more Src activation at
10–20 �m away from the bead than at other distances, possibly
related to both local cytoskeletal deformation patterns and Src
locations in the cytoplasm (see Fig. 3); there was even significant
Src activation at distances �50 �m from the localized load within
the first 0.3-s stress application (Fig. 1F and Fig. S4).

Stress-Induced Src Activation Depends on Integrin Activation, Sub-
strate Stiffness, Prestress, and F-Actin Integrity. To determine the
specificity of the mechanical probe in Src activation, different
ligands were coated onto the magnetic bead with the same
coating concentration. The bead coated with activating antibody
against �1 integrin (clone P4G11) also activated Src, although to
a lesser degree than the RGD-coated bead (Fig. 2A). Nonacti-
vating �1 antibody (clone K20)-coated beads did not elicit any
Src activation (Fig. 2 A and Fig. S5), possibly because these beads
do not induce local focal adhesions, and thus the applied stress
could not penetrate into the deep cytoplasm. This interpretation
is supported by the evidence that K20-coated beads do not probe
F-actin-dependent cell stiffness (10), suggesting that neither
focal adhesions nor F-actins were recruited to these beads.
Similarly, beads coated with nonadhesion ligand-acetylated low-
density lipoprotein (AcLDL) or nonspecific ligand poly-L-lysine
(PLL) did not activate Src (Fig. 2 A and Fig. S5). These results
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demonstrate that only the stresses applied via activated integrins
can induce Src activation.

Recent reports show that substrate rigidity plays a crucial role
in regulating cellular functions (1, 2, 11). Individual cells plated
on relatively stiff substrates (8 kPa) exhibited stress-induced
remote Src activation, whereas the cells on soft substrates (0.3
kPa) did not (Fig. 2B). Because cells on stiff substrates generate
higher prestress than on soft substrates (11), these results suggest
that Src activation by applied stress may largely depend on the
level of the cytoskeletal prestress in the cell. These data also
indicate that the above-observed Src activation in cells on
collagen-1-coated rigid dishes (see Fig. 1) is not an artifact of the
substrate. Interestingly, cells plated on PLL-coated rigid dishes
failed to exhibit stress-induced remote Src activation when
RGD-coated beads were used (Fig. 2B), consistent with our
published results that these cells do not exhibit long-distance
force propagation because of lack of focal adhesions and tensed
actin bundles (12, 13). To further explore the possible role of the

actin cytoskeleton and myosin II in stress-induced Src activation,
cells were pretreated with different specific cytoskeletal-
disrupting agents. As expected, disrupting the actin microfila-
ments with cytochalasin D (CytoD) or latrunculin A (LatA)
prevented Src activation by stress (Fig. 2C and Fig. S6). Inhib-
iting myosin II with blebbistatin (Bleb) or cell contractility with
dibutyryl adenosine 3�-5� cyclic monophosphate (DBcAMP) all
prevented stress-induced Src activation (Fig. 2C and Fig. S6).
Taken together, these results suggest that the myosin II-
dependent, tensed, and bundled actin cytoskeleton is necessary
for rapid Src activation in the deep cytoplasm.

Stress-Induced Src Activation Colocalizes with Microtubule Deforma-
tion. Published reports show that Src colocalizes with microtu-
bules in adherent cells (14) and that Src localizes at endosomal
membranes that are physically associated with microtubules (15,
16). We postulate that microtubules must be deformed to induce
conformational changes of Src proteins in the deep cytoplasm by
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Fig. 1. Rapid Src activation in response to localized mechanical stress. (A) A 4.5-�m RGD-coated ferromagnetic bead was attached to the apical surface of the
cell (Left Upper, black dot is the bead) for 15 min to allow integrin clustering and formation of focal adhesions around the bead (38). Bead binding alone induced
little Src activation (Fig. S9). The bead was magnetized horizontally and subjected to a vertical magnetic field (step function) that applies a mechanical stress �

(specific torque � 17.5 Pa) to the cell. A genetically encoded, CFP-YFP cytosolic Src reporter was transfected into the smooth muscle cells by following published
procedures (7). The cytosolic Src reporter was uniformly distributed in the cytoplasm (Left Lower, YFP). The stress application induced rapid changes (�0.3 s) in
FRET of the Src reporter at discrete, distant sites in the cytoplasm (see Insets) (focal plane is �1 �m above cell base), indicating rapid Src activation (Fig. S1). Images
are scaled, and regions of large FRET changes (strong Src activity) are shown in red. The black arrow indicates bead movement direction. (Scale bar, 10 �m.) (B)
Time course of normalized CFP/YFP emission ratio, an index of Src activation in response to mechanical or soluble growth factor EGF stimulation. n � 12 cells
for ��; n � 8 cells for �EGF. Error bars represent SEM. (C) Time course of CFP/YFP emission ratio in response to EGF in a representative cell (see Fig. S2 for full
time course). EGF was locally released on top of the cell apical surface (�1 �m above) by using a micropipette (25 �m in diameter; top right of the Inset) (Scale
bar, 20 �m) that was controlled by a micromanipulator and CellTram Vario. EGF (50 ng/ml) was released at a flow rate of 2 � 104 �m3/ms continuously for 5 min.
Because the diffusion coefficient of a protein in water is �100 �m2/s (39), it takes �10 ms for EGF to reach the cell apical surface, and local EGF concentration
at the cell apical surface is �40 ng/ml. (D) Time course of average Src activation from eight different cells after EGF treatment as in C. Error bars represent SEM.
(E) Src activation at different cytoplasmic sites. At every 1 �m away from the bead, the emission ratio image after mechanical stimulation was compared
pixel-by-pixel with that before mechanical stimulation. (F) The number of activated pixels (percentage of total activated pixels) at a given time versus distance
from the bead after 0.3 s and 2.7 s of mechanical stimulation (see Fig. S4 with 90% threshold). Maximum number of Src activation was observed at �15 �m away
from the bead. Note that the spatial distribution of Src activation but not the intensity of Src activation is summarized here. n � 8 cells. Error bars represent SEM.
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stress. To test this hypothesis, we double-transfected cells with
CFP-YFP Src reporter and mCherry-tubulin. Immediately after
recording stress-induced Src activation, stress-induced microtu-
bule deformation images (at the same focal plane) were obtained
at high resolution (�5 nm) by using the synchronous detection
method of periodic loading (12) in the same cell. The strong Src
activation sites colocalized with microtubule large displace-
ments/deformation sites (see red arrows in Fig. 3A). Of 19 strong
Src activation sites in four different cells, 15 were colocalized
with microtubule deformation �15 nm (79%); 1 was colocalized
�15 nm (5%); 3 sites did not show any apparent colocalization
(16%). In contrast, only 12% of strong Src activation sites (3 of
26) were colocalized with large F-actin deformation sites in six
different cells (Fig. 3B), indicating that F-actin structures were
necessary but not sufficient to activate Src. These results suggest
that the extent of Src activation depends on the degree of
microtubule displacements/deformation and that a threshold of
microtubule deformation is necessary for inducing sufficient
conformational changes of Src proteins to activate them in the
distant cytoplasm (arrowheads in Fig. 3A and Fig. S7A). Con-
sistent with the notion that microtubule deformation is necessary
for Src activation in the remote cytoplasm, disrupting microtu-
bules with colchicine prevented stress-induced Src activation
(Fig. S7B). To further explore the potential mechanical and
structural basis of Src activation, we quantified microtubule
deformation together with endosome deformation/displace-
ments by cotransfecting mCherry-tubulin and GFP-endo into the
same cell. We reasoned that for the endosome membrane-bound
Src to be activated by direct mechanical deformation, these
endosomes must be deformed/displaced locally. Indeed �80%
(10 of 13) of large endosome displacement (�8 nm) sites were
colocalized with large microtubule displacement (�15 nm) sites
in three different cells (Fig. 3C). Taken together, a mechanical/
structural pathway for Src activation in the deep cytoplasm
appears to emerge: from local loading, focal adhesion and F actin
bundle to transmit stresses to long distances, microtubule de-
formation, endosome membrane deformation, to Src activation.

Effects of Stress and EGF Are Less Than Additive. If a threshold of the
microtubule-based cytoskeletal deformation exists for Src acti-
vation, then Src activation must depend on the magnitude of the
applied stress. Indeed Src activation in the cytoplasm is stress

magnitude-dependent: It appears that 1.8 Pa of applied stress
was required to activate Src proteins in these smooth-muscle
cells under these culturing conditions (Fig. 4A). Because both
stresses and growth factors can independently activate Src
proteins, we set out to determine the equivalent global concen-
tration of EGF comparable with the stress applied via focal
adhesions at long time periods (up to 15 min). A 1.8-Pa
oscillatory stress applied with the magnetic bead via an area of
a focal adhesion (�3–5 �m2) activated Src to the extent equiv-
alent of the effect of 0.4 ng/ml EGF (Fig. 4B). With a 1.8-Pa
stress at 15 min, the mechanical energy applied to the cell was
�7,000 pN nm (estimated by using the applied torque of 515 �
103 pN nm � the angular strain of 0.013). With 0.4 ng/ml EGF
in the cell medium at 15 min, the chemical energy on the cell
surface was �24,000 pN nm (estimated by using the number of
surface-bound EGF molecules per cell (17) � thermal energy 1
kT � 6000 � 4 pN nm). It is amazing that the magnitudes of the
mechanical energy of 1.8-Pa stress and of the chemical energy of
0.4 ng/ml EGF were within a factor of 4, suggesting that similar
magnitudes of energies could cause comparable changes in Src
activities.

Because a living spread cell generally has 40–50 focal adhe-
sions (18), if the loading effects were additive, one would predict
that this stress applied via 40 focal adhesions simultaneously
(e.g., during whole-cell stretching) would be equivalent to �20
ng/ml EGF in activating Src proteins at long times. Interestingly,
applying 1.8-Pa stress with 0.4 ng/ml EGF caused an additional
40% increase in Src activation at 15 min, suggesting that the
effects of 1.8-Pa stress and 0.4 ng/ml EGF together were less than
additive (Fig. 4B). As expected, increasing the applied stress
magnitude or EGF concentration further elevated Src activation
at these long times (Fig. 4B and Fig. S8).

What is the underlying mechanism for stress-induced rapid Src
activation in the remote deep cytoplasm? The prevailing wisdom
is that mechanotransduction is initiated at the local force–
membrane interface (e.g., at focal adhesions) by inducing local
conformational changes or unfolding of membrane-bound pro-
teins, followed by a cascade of diffusion-based or translocation-
based signaling in the cytoplasm. The diffusion coefficient D of
molecules in the cytoplasm can reach �60 �m2/s (19). Assuming
a distance L of 20 �m from the cell plasma membrane to a site
in the deep cytoplasm, then it takes �1.7 s [t � L2/4D � (20
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Fig. 2. Src activation depends on stress probe specificity, substrate rigidity, intact F-actin, and prestress. (A) Probe specificity on Src activation. Mechanical
stimulation via the magnetic bead coated with RGD or anti-�1-activating antibody (P4G11), induced Src activation in the cytoplasm but not anti-�1-nonactivating
antibody (K20), AcLDL (binds scavenger receptors), or PLL (strong nonspecific surface binding) (Fig. S5). RGD, n � 12 cells; P4G11, n � 4 cells; K20, n � 3 cells; AcLDL,
n � 4 cells; PLL, n � 3 cells. Error bars represent SEM. (B) Mechanical stimulation of cells plated on soft (0.3 kPa, n � 10 cells) polyacrylamide gel substrate did
not induce Src activation, whereas the cell on relatively hard (8 kPa, n � 4 cells) substrate induced strong Src activation (red arrows). Cells on PLL substrate (n �
8 cells) that do not form basal focal adhesions and stress fibers (12) did not activate Src in response to mechanical stress. White arrows indicate magnetic bead
movement direction (stress � 17.5 Pa). (Scale bars, 10 �m.) (C) Preincubating cells with CytoD (1 �g/ml for 15 min; n � 5 cells), LatA (1 �M for 15 min; n � 4 cells)
to disrupt actin microfilaments, Bleb (50 �M for 20 min; n � 5 cells) to inhibit myosin II, or DBcAMP (1 mM for 15 min; n � 4 cells) to relax the cell, prevented
stress-induced Src activation (Fig. S6).
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�m)2/(4 � 60 �m2/s)] to reach the site by diffusion. The
translocation speed of proteins via motor proteins on microtu-
bules is �1–4 �m/s (20). Hence, it takes 5–20 s to travel a 20-�m
distance. Therefore, the rapid (�0.3 s) and long-range (15–60
�m) activation of Src by stress that we have observed cannot be
explained by diffusion- or translocation-based mechanisms. In
contrast, assuming that the longitudinal elastic wave propagation
is applicable to the stress propagation in the cytoplasm along
tensed actin bundles (stress fibers), the stress propagation speed
is approximately equal to the square root of the ratio of elastic
modulus of the stress fiber (�106 Pa) (21) to the density of the
stress fiber (�103 kg/m3) and then is �30 m/s. Thus, it would take
only �0.7 �s for the applied stress to travel a 20-�m distance. It
is interesting that a stress wave propagation speed of �30 m/s has
been observed in excised lung tissues (22). Taking into account
the viscoelasticity of the stress fiber and of the cytoplasm, the
traveling time should still be much less than 1 ms to distant places
in the cytoplasm in the vicinity of the stress fibers; this theoretical
estimation is supported by living-cell experimental observation
that stresses can propagate to remote cytoplasmic sites (�30 �m)
in �5 ms (23). We realize that stress fibers rarely exist in vivo,
although thin bundles of myosin filaments and F-actin have been
observed in airway smooth muscle tissues (24). Our data on

displacement maps of microtubule and endosome were acquired when an
oscillatory stress was applied separately (30 s each) (peak stress � 24.5 Pa,
frequency � 0.3 Hz). In the colocalization panel, red represents microtubule
displacements �15 nm, green represents endosome displacements �8 nm,
and overlapped black shows colocalization sites of microtubule and endo-
some. Of 13 large endosome displacement sites in three different cells, 10
were colocalized (�80%) with large microtubule deformation sites. The color
bar unit of the displacement map is in nanometers. (Scale bar, 10 �m.)
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Fig. 3. Rapid, long-range strong Src activation sites in the cytoplasm colo-
calize with sites of large microtubule displacements. (A) The cell was cotrans-
fected with CFP-YFP Src reporter and mCherry-tubulin. A step function stress
(17.5 Pa) was first applied for 3 s via an RGD-coated bead, and FRET changes
were recorded. Then the microtubule deformation map was acquired when
an oscillatory stress was applied for �30 s (0.3 Hz; peak stress � 24.5 Pa,
equivalent to a constant stress of 17.5 Pa) (12). In this representative cell,
strong Src activation sites coincide with large deformation sites (�15 nm) of
microtubules in the same cell at the same focal plane (�1 �m above cell base).
The overlay image is the YFP Src reporter image superimposed with the bead.
Pink circles indicate bead center position; white arrows represent microtubule
deformation direction. Red arrows point to strong Src activation sites. In the
colocalization analysis panel, red represents strong Src activation, and black
lines represent large microtubule displacements. Three other different cells
showed similar results. Of strong Src activation sites, �80% (15 of 19) were
colocalized with sites of microtubule deformation �15 nm. (Scale bar, 10 �m.)
(B) Src activation sites do not colocalize with F-actin deformation sites. The cell
was cotransfected with CFP-YFP Src reporter and mCherry-actin. A step func-
tion stress (17.5 Pa) was first applied for 3 s via an RGD-coated bead, and FRET
changes were recorded. Then the actin deformation map was acquired when
an oscillatory stress was applied in the same way as in A. In contrast to A, strong
Src activation sites do not coincide with large deformation sites (�15 nm) of
actin in the same cell at the same focal plane (�1 �m above cell base). Pink
circles indicate bead center position; white arrows represent actin deforma-
tion direction. In the colocalization analysis panel, red represents strong Src
activation, and black lines represent large actin displacements �15 nm. Five
other different cells showed similar results. Of strong Src activation sites, only
�12% (3 of 26) were colocalized with sites of actin deformation �15 nm.
(Scale bar, 10 �m.) (C) Large microtubule deformation sites colocalize with
endosomal membrane deformation in the same cell at the same focal plane
(�1 �m above cell base). The Inset is the bright-field image of the cell. The cell
was cotransfected with mCherry-tubulin and pAcGFP1-endo (Left). The
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colocalization of microtubule deformation and Src activation
(and endosomal membrane deformation) suggest that the mi-
crotubule cytoskeleton is an essential structure for transmitting
mechanical stresses to activate cytoplasmic proteins. How do we
explain the current experimental results that Src is only slightly
activated after the first 100-ms stress application (Fig. 1B)? It is
reported that the time constant for Src activation in vitro is �200
ms; the rate-limiting factor is not phosphoryl transfer but
appears to be associated with the conformational change of the
enzyme (25). Therefore, the time of �300 ms for the stress-
induced Src activation that we have observed in living cells is
likely due to the time delays in conformational changes of Src,
in physical association of Src with its substrate reporter, and in
conformational changes of the reporter. This interpretation does
not rule out the possibility that other molecules (e.g., stretch-
sensitive ion channels in cell membrane) are activated by stress
before Src activation, but these potentially activated molecules
(including calcium) cannot travel fast enough to the remote
cytoplasmic sites to activate Src within 300 ms.

At the present time, the exact mechanical basis for the rapid
activation of Src at remote sites of the cytoplasm is not clear. In
fact, based on mechanical principles of homogeneous continuum
materials (St. Venant’s principle), one would predict that a local
mechanical load of physiologic magnitude should cause only a
local deformation. Therefore, the prevailing wisdom is that a
local stress should cause only local direct mechanotransduction
based on local conformational changes or unfolding of proteins
at the force–cell interface (e.g., a focal adhesion). The magni-
tudes of the applied forces are important in living cells because
it has been observed that high-amplitude forces applied to
fibroblasts for hours (�4 h) can cause apoptosis (26). During the
last few years, the long-distance stress propagation in the cyto-
plasm and into the nucleus of living cells has been observed (12,
13, 27), and a theoretical composite model of the cytoskeleton
has been proposed to interpret the behavior of long-distance
force propagation (28). However, still no experimental data of
rapid direct mechanotranduction were available. Here, we show
that stress-induced signal transduction is at least 40 times faster
than growth factor-induced signal transduction. Importantly,
almost simultaneous activation of enzymes at remote discrete
sites in the deep cytoplasm and at local sites by localized
mechanical stresses with physiologic magnitudes challenges the
current thinking about mechanical–chemical signal transduction
pathways. In sharp contrast, membrane-bound molecules in
soluble growth factor-induced signal transduction are activated
first, followed by a sequential activation of cytosplasmic mole-
cules in space away from the plasma membrane via diffusion or
translocation-based mechanisms. The kinetics of stress-induced
Src activation appears to be different from that of EGF-induced
Src activation. We do not know the underlying mechanism for
this difference, but a similar kinetics has been observed in flow
shear-induced Ras activation in endothelial cells (29), suggesting
that it might be a general feature of stress-induced protein
activation. Our working model for rapid mechanotranduction is
that a focal adhesion and a tensed cytoskeleton are necessary for
long-distance force propagation in the cytoplasm to cause mi-
crotubule displacements/deformations, which, in turn, are nec-
essary for causing conformational changes of proteins for signal
transduction. Our findings significantly extend previous work (7,
9) and provide experimental evidence for the unique feature of
local stress-induced signal transduction.

Other features of mechanotransduction have been demon-
strated in recent years: myosin-dependent substrate rigidity
feedback (11, 30), myosin-dependent periodic lamellipodial con-
tractions (31), selective recruitment of adaptor proteins by shear
flow stress (32), stress-induced alterations of dissociation con-
stant of focal adhesion zyxin proteins (33), and force-induced
structural adaptation at focal adhesions (34) and mechanical

adaptation at focal adhesions (35) or in the whole cell (36). It
remains to be seen how the rapid activation of Src [and possibly
other signaling molecules such as Rac or Rho (37)] by stress
might be involved in myosin-dependent mechanochemical feed-
back and cellular remodeling and adaptation. Eventually, one
would like to know how a living cell integrates local and distant
effects of mechanical stimulation with soluble-factor stimulation
into a cohesive biological response such as gene expression.

Materials and Methods
Cell Culture and Transfections. Human airway smooth muscle (HASM) cells
were isolated from tracheal muscle obtained from lung-transplant donors and
cultured as described (12). Cell culture reagents were obtained from Invitro-
gen unless otherwise noted. HASM cells were serum deprived and supple-
mented with 5.7 �g/ml insulin (Sigma) and 5 �g/ml human transferrin (Sigma)
for 36–48 h before the experiments. A genetically encoded, cytosolic CFP-YFP
Src reporter was developed, and its specificity was tested as described (7). A
variant, more sensitive form of this probe was developed by replacing the FRET
acceptor with YPet and specificity-tested. Both biosensors yielded the same
specificity. mCherry-tubulin and mCherry-actin probes were gifts from Dr. R.
Tsien’s laboratory. HASM cells (passages 3–8), plated on type I collagen-coated
(20 �g/ml) rigid dishes, poly-L-lysine-coated (20 �g/ml) rigid dishes, or type I
collagen-coated (100 �g/ml) polyacrylamide gels, were transfected with CFP-
YFP cytosolic Src reporter and/or mCherry-tubulin, mCherry-actin and CFP-YFP
Src reporter, or mCherry-tubulin and pAcGFP1-endo that targets endosome
membrane (Clontech) by using the lipofectamine method according to pro-
tocols provided by the manufacturer (Invitrogen).

Inhibitors and Antibodies. LatA, CytoD, dibutyryl adenosine 3�-5� cyclic mono-
phosphate (DBcAMP), and colchicine were from Sigma. Blebbistatin (Bleb) was
from Toronto Research Chemicals. A mouse monoclonal anti-integrin �1-
activating antibody (clone P4G11) was from Chemicon. A mouse monoclonal
anti-integrin �1 nonactivating antibody (clone K20) was from Santa Cruz
Biotechnology. Src-selective tyrosine kinase inhibitor, 4-amino-5-(4-
methylphenyl)-7-(t-butyl) parasol (3,4-d)-pyrimidine (PP1), was from Biomol.

Magnetic Bead Coating. Ferromagnetic beads (Fe3O4, 4.5 �m in diameter) were
coated with Arg-Gly-Asp (RGD; Integra), integrin �1 activating antibody
(P4G11), integrin �1 nonactivating antibody (K20), acetylated low-density
lipoprotein (AcLDL), PLL, all at 50 �g/ml per mg bead as described (38). The
binding specificity was determined (38). The magnetic moment constant of
the bead was calibrated in a viscous standard and determined to be 3.5
dynes/cm2 per G (39). A single bead bound to the apex of the cell body (but not
the portion of filopodia or lamellipodia to avoid rigid substrate effects) was
chosen for experiment. The bead–cell contact area was �5 �m2 and did not
change much during the course of the experiments.

Polyacrylamide Gels. The polyacrylamide gels were prepared as described (30).
The elastic Young’s modulus of the polyacrylamide gels used in this study was
0.3 kPa (0.04% bisacrylamide and 3% acrylamide) and 8 kPa (0.3% bisacryl-
amide and 5% acrylamide) (11).

EGF Stimulation. A micropipette (25 �m inside diameter; Eppendorf) backfilled
with 50 ng/ml EGF was controlled by using a micromanipulator (InjectMan NI2;
Eppendorf). EGF was released 0.5–1 �m above the cell apical surface (Fig. S1)
at a flow rate of 2 � 104 �m3/ms by using a piston pump (CellTram vario;
Eppendorf). During imaging, the cells were maintained in Hanks’ balanced
salt solution with 20 mM Hepes and 2 g/liter D-glucose (7).

Magnetic Twisting Cytometry and Microscopy. The technique of magnetic
twisting cytometry was described (10, 38). The magnetic twisting field was
varied at 0, 2, 5, 10, 25, 50, or 70 G, either a step function or a sinusoidal
oscillatory wave at 0.3 Hz. The apparent applied stress is defined as the ratio
of the applied torque to six times the bead volume and equals the bead
constant times the applied twisting field. Thus, the applied stress was 0, 0.7,
1.8, 3.5, 8.8, 17.5, or 24.5 Pa corresponding to the above applied magnetic
fields, respectively.

A Leica inverted microscope was integrated with a magnetic twisting
device and a Dual-View system (Optical Insights) to simultaneously acquire
both CFP and YFP emission images in response to stress. For emission ratio
imaging, the Dual-View MicroImager (Optical Insights was used. CFP/YFP Dual
EX/EM (FRET) (OI-04-SEX2) has the following filter sets: CFP: excitation, S430/
25, emission S470/30; YFP: excitation, S500/20, emission S535/30. The emission

6630 � www.pnas.org�cgi�doi�10.1073�pnas.0711704105 Na et al.

http://www.pnas.org/cgi/data/0711704105/DCSupplemental/Supplemental_PDF#nameddest=SF1


filter set uses a 515-nm dichroic mirror to split the two emission images. Cells
were illuminated with a 100-W Hg lamp. For FRET imaging, each CFP (1,344
pixels � 512 pixels) and each YFP image (1,344 pixels � 512 pixels) were
simultaneously captured on the same screen by using a CCD camera (C4742–
95-12ERG; Hamamatsu) and a �40, 0.55 N.A. air or a �63, 1.32 N.A. oil-
immersion objective. Exposure time was 89.3 ms for the first data point
collecting at 100 ms after stress and was 273 ms for subsequent images.

To acquire mCherry-tubulin containing microtubule displacement images,
we applied oscillatory mechanical torques to the magnetic bead attached to
the cell, and the stress-induced synchronized movements of the microtubules
were quantified by using the synchronous detection method (12). This sensi-
tive method can detect displacements or deformation of cytoskeletal struc-
tures to the resolution of 4–5 nm (27). Microtubule images were obtained
every 0.32 s by using a �63, 1.32 N.A. oil-immersion objective with 290-ms
exposure time by using a N2.1 filter set (BP 515-560, Dichromatic mirror 580,
and LP 590).

Image Analysis. We developed a customized Matlab (Mathworks) program to
obtain CFP/YFP emission ratio images. CFP and YFP images at each time point

were first background-subtracted, and the YFP image was thresholded to
generate a binary mask so that the pixel value inside the cell was set to 1, and
the pixel value outside the cell was set to 0. After multiplication of the original
CFP image by the mask image, this updated CFP image and the YFP image were
aligned pixel-by-pixel by maximizing the normalized cross-correlation coeffi-
cient of the CFP and YFP images (7). Aligned CFP/YFP emission ratios were
normalized to the lower emission ratio and displayed as a linear pseudocolor.
To increase the sensitivity of the mean emission ratios, nucleus regions were
excluded because the pixel values within a nucleus region did not change
before and after stimulation. A two-tailed Student t test was used for all
statistical analyses.
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