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Abstract
Cell spreading, adhesion and remodelling of the extracellular matrix (eCM) involve bi-directional
signalling and physical linkages between the eCM, integrins and the cell cytoskeleton1–3. the actin-
binding proteins talin1 and 2 link ligand-bound integrins to the actin cytoskeleton and increase the
affinity of integrin for the eCM4–6. Here we report that depletion of talin2 in talin1-null (talin1−/−)
cells did not affect the initiation of matrix-activated spreading or src family kinase (sFK) activation,
but abolished the eCM–integrin–cytoskeleton linkage and sustained cell spreading and adhesion.
specifically, focal adhesion assembly, focal adhesion kinase (FAK) signalling and traction force
generation on substrates were severely affected. the talin1 head domain restored β1 integrin activation
but only full-length talin1 restored the eCM–cytoskeleton linkage and normal cytoskeleton
organization. Our results demonstrate three biochemically distinct steps in fibronectin-activated cell
spreading and adhesion: 1) fibronectin–integrin binding and initiation of spreading, 2) fast cell
spreading and 3) focal adhesion formation and substrate traction. We suggest that talin is not required
for initial cell spreading. However, talin provides the important mechanical linkage between ligand-
bound integrins and the actin cytoskeleton required to catalyse focal adhesion-dependent pathways.

Disruption of the talin1 gene in undifferentiated embryonic stem (ES) cells severely disrupts
cell adhesion and cytoskeleton organization7. However, fibroblasts derived from talin1−/− ES
cells spread and adhere normally, presumably due to increased expression of the closely related
talin2 (refs 7,8). To study the role of talin in initial cell responses to ECM signals, we constructed
a mouse talin2 short interfering RNA (siRNA) expression plasmid and transfected it into the
talin1−/− fibroblasts. We observed that talin2 siRNA-expressing talin1−/− cells began to round
up in culture after 48 h. After 3.5 days, 77 ± 11% of the cells became rounded (mean ± s.d.,
n > 450, 3 repetitions), whereas most of the control siRNA-expressing cells showed an
elongated morphology in culture. Co-transfection of a GFP–talin1 plasmid rescued the
morphology change induced by talin2 siRNA (11 ± 3% and 15 ± 8% rounded up in control
siRNA transfected and GFP–talin1 and talin2 siRNA co-transfected cells, respectively; mean
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± s.d., n > 450, 3 repetitions; Supplementary Information, Fig. S1a, b). Immunoblot analyses
with a pantalin antibody 8d4 and a talin2-specific antibody showed a significant reduction in
talin2 expression 3.5 days after talin2 siRNA transfection, whereas the levels of vinculin and
β1 integrin were not affected (Fig. 1b). Morphology of a wild-type mouse embryonic fibroblast,
which expressed talin1 but no detectable talin2, was not affected by talin2 siRNA (data not
shown). Thus, talin2 is responsible for the morphology adopted by talin1−/− cells.

To determine whether loss of talin would completely block cell spreading, we collected cells
3.5 days after siRNA transfection and plated them on fibronectin-coated coverslips for 90 min
before fixation. Consistent with the observations in long-term culture, talin1−/− cells co-
transfected with GFP and control siRNA or with GFP-talin1 and talin2 siRNA elongated
normally (10 ± 2% and 16 ± 4%, respectively, were rounded), whereas most of the GFP and
talin2 siRNA co-transfected cells were rounded (65 ± 7% rounded; mean ± s.d., n > 450, 3
repetitions; Fig. 1a; Supplementary Information, Fig. S1c). However, a distinct subpopulation
of ‘partially spread’ talin-deficient cells showed a thick central region and motile active edge
(Supplementary Information, Fig. S1e, arrow). Time-lapse microscopy revealed robust early
edge extension in talin-deficient cells, but a large portion of the cells retracted their protrusions
and rounded up at later times (43% rounded up and 16% retained complete or partial edge
protrusions within 90 min; n = 193; Fig. 1d, e; Supplementary Information, Movie 2).
Typically, talin-deficient cells rounded up 28 min (median) after initiation of spreading (Fig.
1f). In contrast, 85% of talin1−/− control cells (which express talin2) showed early overall
spreading activity followed by regional protrusions (n = 218; Fig. 1c, e; Supplementary
Information, Movie 1). Thus, initial cell spreading, which is triggered by integrin–fibronectin
interactions (Supplementary Information, Fig. S2), does not require talin, although it is required
for sustained cell spreading.

Talin acts as a scaffold for other focal adhesion proteins4. Both talin1 and talin2 localized to
focal adhesions in fully spread and elongated cells (Supplementary Information, Fig. S1d, f)
and no vinculin foci were observed in the edge protrusions of spread talin-deficient cells.
Instead, vinculin appeared diffuse in the cytoplasm (Fig. 2b, d), as did paxillin (Fig. 2f). Talin
depletion caused marked changes in actin cytoarchitecture. Distinct arc-shaped actin bundles
and focal adhesion-associated dorsal stress fibres were missing in talin-deficient cells9. Instead,
diffuse phalloidin staining and radial actin cables were seen in the thin edge protrusions (Fig.
2b, f). In talin-deficient cells, focal adhesion localization of actin regulatory protein mouse
ENA (Mena) was also disrupted, and Mena distributed exclusively at the tip of cell edge
protrusions10 (Fig. 2g, h). Consistent with the loss of focal adhesions, the ventral cell membrane
was partially detached from the substrate, shown by the missing total internal reflection
fluorescence (TIRF) signal of cytoplasmic GFP (Fig. 2i, j; Supplementary Information, Movie
3). Both the loss of focal adhesions and detachment of the cell membrane from the substrate
indicate adhesion defects in spreading talin-deficient cells and explain the short lifespan of the
spread state.

Binding of the talin head domain modulates the affinity of integrins for ECM and the talin rod
domain also binds to integrins directly11–13. Neither GFP–talin1 head (talin1H) nor GFP–
talin1 rod (talin1R) rescued the talin2 knockdown phenotype in culture (Supplementary
Information, Fig. S3a, c). However, GFP–talin1H-expressing cells were able to maintain the
edge protrusions on fibronectin for more than 90 min, whereas they failed to achieve the
elongated morphology of control cells (‘partially spread’ cells in fixed samples increased to
43 ± 12%; mean ± s.d., n > 400, 3 repetitions; Fig. 3a; Supplementary Information, Fig. S3d).
Spreading of GFP–talin1R-expressing cells was no different from that of talin-deficient cells
on fibronectin, and the cells rounded up before 90 min (Fig. 3a; Supplementary Information,
Fig. S3d). Time-lapse microscopy revealed that 46% of talin1H-expressing cells maintained
stable edge protrusions for more than 90 min (Fig. 3b, c; Supplementary Information, Movie
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4). Immunostaining for vinculin and paxillin did not detect focal adhesions, indicating that
talin1H-expressing cells were not stabilized by any remaining talin2 (Fig. 3d, e).

Although GFP–talin1H did not localize to discrete foci, it was concentrated at the leading edge
of the cell protrusions (Fig. 3d, e, g). An explanation for the sustained spread state was that
talin1H increased the binding affinity of integrins for fibronectin. Indeed, integrin-activating
Mn2+ increased spread-state duration of talin-deficient cells on fibronectin without rescuing
focal adhesion formation (Supplementary Information, Fig. S3e–h, Movie 5). The 9EG7
antibody, which recognizes activated β1 integrin14,15, revealed colocalization of activated β1
integrin with GFP–talin1H at the leading edge of talin1H-expressing cells (Fig. 3g) and with
GFP–talin1 in talin1-restored cells (Fig. 3f). There was very little activated β1 integrin staining
in talin-deficient cells (Fig. 3h). This suggests that talin, through its head domain, specifically
activates and binds to β1 integrin, which localizes at the leading edge of the cell through high-
affinity fibronectin binding15.

Both FAK and SFK are early mediators in ECM-activated cell spreading16–18. However, it is
unclear whether their activities are dependent on talin. In talin1−/− control cells, the
phosphorylation of FAK on Tyr 397 (which is involved in the initial FAK activation) rapidly
increased after plating on fibronectin. In talin-deficient cells, a similar trend was seen but the
level of Tyr 397 phosphorylation decreased in proportion to the magnitude of talin2 depletion
(Fig. 4a, b). This indicates that talin is necessary for the normal response of FAK on adhesion
to fibronectin. Although talin1H associates with FAK19, re-expression of talin1H did not rescue
FAK-Tyr 397 phosphorylation on spreading (Fig. 4a, b). On the other hand, both control and
talin-deficient cells showed a comparable increase in SFK activity 10 min after spreading (pTyr
416: Src level increased by more than twofold 10 min after spreading, compared with that in
cells kept in suspension; Fig. 4a). In talin1H-expressing cells, the activity of SFK showed a
slightly greater increase (Fig. 4a, c).

Phosphorylation of FAK-Tyr 397 in spreading control cells was dependent on myosin II
contractility (Supplementary Information, Fig. S4), indicating the involvement of traction force
in FAK activation20. The lack of FAK-Tyr 397 phosphorylation and the presence of accelerated
actin rearward flow driven by myosin contractility in adhesion-defective cells (Fig. 5c–f)
suggest that talin-dependent adhesions may provide the anchoring sites for substrate traction
and FAK activation. Consistent with this view, phospho-FAK (pTyr 397) localized to the distal
tip of focal adhesions and dorsal stress fibres in control cells (Fig. 4d) and there was very little
specific phospho-FAK signal in the protrusions of talin-deficient and talin1H-expressing cells
(Fig. 4e, f). Our observations (Fig. 4c; Supplementary Information, Fig. S4) also suggest that
SFK activation upon spreading is independent of talin or cytoskeleton contraction3.

Formation of focal adhesion correlates with the slowing of myosin II-driven actin rearward
flow at the back of lamellipodia21. We studied the actin dynamics using α-actinin–GFP, which
co-distributed with the actin cytoskeleton22 (Supplementary Information, Fig. S5a, b). In
control cells, differential interference contrast (DIC) and TIRF microscopy revealed fast α-
actinin rearward flow (50.3 ± 8.2 nm s−1) within the region 2.4 ± 0.4 μm from the active leading
edge; flows were occasionally followed by the formation of immobilized α-actinin foci (mean
± s.d., n = 16 cells; Fig. 5a, b; Supplementary Information, Movie 6). In contrast, talin1H-
expressing cells showed a marked increase in α-actinin rearward flow-rate throughout the stable
protrusions, observed by DIC, TIRF and epifluorescence microscopy (118.7 ± 15.4 nm s−1,
within the protrusion width of 6.4 ± 1.0 μm, mean ± s.d., n = 10 cells; Fig. 5c, d; Supplementary
Information, Movie 7). No noticeable α-actinin foci were formed on the substrate (Fig 5c, d).
A comparable increase in rearward flow-rate was also observed in talin-deficient cells when
they transiently retained their maximum spread area on fibronectin (flow-rate, 112.4 ± 16.5
nm s−1, within the width of 6.5 ± 0.8 μm, mean ± s.d., n = 14 cells). Furthermore, expression
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of an actin-binding mutant, talin1ABS (ref. 5), which lacks the carboxy-terminal actin-binding
module, was unable to restore normal cytoskeleton organization and focal adhesion formation
or to confine the fast rearward flow to the cell periphery (flow-rate, 109.8 ± 11.2 nm s−1, within
6.2 ± 0.7 μm from the leading edge, mean ± s.d., n = 14 cells; Supplementary Information, Fig.
S5c–h).

We did not observe hyperactivation of myosin II with talin depletion (Supplementary
Information, Fig. S6a, b). Inhibition of myosin II activity using blebbistatin significantly
decreased the rate of actin rearward flow in talin1H-expressing cells (flow-rate decreased to
45.1 ± 7.2 nm s−1, mean ± s.d., n = 9 cells; Fig. 5e, f; Supplementary Information, Movie 8).
Shortly after treatment, the perinuclear boundary seen in DIC disappeared and gradual outward
movement of previously restricted vesicles was observed. To understand how myosin II drives
the rapid radial flow in the absence of adhesions, we stained phosphomyosin light chain (MLC)
for the distribution of myosin II activity. In control (data not shown) and GFP–talin1 restored
cells, most of the active myosin II localized to the fine circumferential actin filaments parallel
to the lamellipodial edge and prominent actin arc bundles (Fig. 5g). Although the localization
of phospho-MLC suggests that the main contraction was focused along the actin arcs, these
structures moved rearward at a relatively low rate (7.3 ± 3.0 nm s−1, mean ± s.d., n = 15 cells),
which may be explained by the hindrance resulting from their interaction with the dorsal stress
fibres emanating from focal adhesions23 (Fig. 5g, inset). In talin-deficient (data not shown)
and talin1H-expressing cells, where there were no focal adhesions or stress fibres, a diffuse
phospho-MLC pattern was observed in edge protrusions and most of the phospho-MLC was
in the perinuclear region, colocalizing with condensed circumferential actin (Fig. 5h). This
suggests that a talin–cytoskeleton linkage is essential in slowing the rearward actin flow,
probably by organizing and coupling the actomyosin contraction to the ECM.

Loss of a physical connection between the ECM and contractile cytoskeleton caused by talin
depletion should lead to a defect in traction force generation on substrates. Observation of cell
spreading on a fibronectin-coated elastic surface confirmed that traction force generation was
significantly reduced in talin-deficient and talin1H-expressing cells24 (Supplementary
Information, Fig. S6c–e, Movies 9, 10). Therefore, slowing of actin rearward flow, coupling
of actomyosin contraction and force generation on the substrate correlate with the presence of
full-length talin and focal adhesion formation.

Actin flow in peripheral regions can entrap and pull microtubules inwards25. In talin1H-
expressing cells, the majority of microtubules was restricted to the central region bounded by
circumferential actin and concentrated phospho-MLC (Fig. 5h, j). With acute blebbistatin
treatment, circumferential actin cables were lost and microtubules extended to the periphery,
although they seemed disorganized (Fig. 5k). This suggests that rapid radial flow of actin driven
by uncoupled myosin II contractility could affect microtubule organization, leading to the
distinct cell morphology and vesicle distribution in adhesion-defective cells.

Consistent with previous studies7, we found that talin depletion caused loss of focal adhesions
and cell rounding at later times, although it did not block initial cell spreading on fibronectin
or fibronectin-dependent SFK activation. The FERM domain in the talin head has been shown
to activate integrins4,11, as does the FERM domain in the kindlin family of proteins26. As
expected, expression of talin1H domain in talin-deficient cells restored integrin activation and
moderately increased cell adhesion to substrates. However, only full-length talin1, with both
integrin-activating and actin-binding capacity, was able to restore normal actin cytoarchitecture
and microtubule organization, focal adhesion assembly, and the adhesion-dependent
signalling. Thus, our studies indicate that initial cell spreading and adhesion formation are
separable processes, and talin 1 and 2 are involved in the primary mechanical link between
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ligand-bound integrins and the cytoskeleton, which is necessary for focal adhesion formation
and substrate traction.

We did not observe any significant delay in initial cell spreading on fibronectin with talin
depletion. Interestingly, initiation of spreading in both control and talin-deficient cells seems
to be triggered by a fibronectin–integrin interaction, which can be blocked by soluble ligand-
mimetic peptide or bovine serum albumin on the surface (Supplementary Information, Fig.
S2). Further, it has been shown that the delay before cells spread increases with decreasing
fibronectin concentration27. Thus, we suggest that talin is not involved in the signalling process
that initiates spreading through integrin binding to fibronectin. SFK activity seems to be crucial
in early cell spreading17,18 and talin depletion did not affect the increase in SFK activity during
spreading, whereas acute treatment with the SFK inhibitor PP2 severely interfered with the
spreading of talin deficient cells (data not shown). Our observation is consistent with the
hypothesis that SFK activation and initial spreading are linked events.

In fibroblasts, initiation of isotropic spreading is followed by a myosin II-independent
continuous protrusion phase without prominent adhesion formation22,27. Protrusions
stimulated by growth factors also proceed without adherence to substrate28. These observations
suggest that actin polymerization and edge protrusion at early times do not require the
engagement of talin or ECM–cytoskeleton linkage, which explains the transient spreading we
observed in talin-deficient cells. Focal adhesion formation correlates with increased myosin II
activity and transition to a phase of periodic contraction in fibroblasts22. Increased actomyosin
contraction in the absence of talin and mature focal adhesions may finally result in rounding
of adhesion-defective cells (Supplementary Information, Fig. S6a, b). Previous studies have
considered a clutch that links the contractile actin network with the matrix-bound integrins29,
30. Clearly, talin is a logical candidate for the clutch and our results here show that talin is
necessary for the myosin-dependent organization of actin and microtubule networks. By
binding to both matrix-bound integrins and the actin cytoskeleton, talin provides a mechanical
linkage that enables force generation on matrix and force-dependent activation events, as well
as consolidation of adhesive linkages.

We suggest a model for the early behaviour of cell spreading and adhesion, in which the initial
step involves activation of SFK-linked signalling pathways and actin polymerization by the
ligand-bound integrins. After initial spreading, actomyosin contraction is activated and in the
absence of full-length talin, the actin assembled in the periphery is condensed towards the
central cytoplasm, holding in microtubules and cytoplasmic vesicles. The talin head activates
integrin binding to the matrix but only weak forces are generated. In the presence of full-length
talin, the contraction of actin filaments now pulls on liganded integrins and causes the assembly
of focal adhesions and activation of force-dependent signalling. Further, coupling of
actomyosin contraction to matrix contacts slows actin rearward movement, favouring
spreading of microtubules. Thus, talin provides a mechanical linkage between integrins and
actin filaments in cell spreading, leading to cell adhesion and substrate traction.

METHODS
Cell culture

The talin1−/− fibroblast cell line dj26.28 (ref. 7) was maintained in DMEM/F-12 medium
supplemented with 15% (vol/vol) fetal bovine serum.

Constructs and transfection
A talin2 siRNA construct was generated using BD RNAi-ready pSIREN-retroQ vector
according to manufacturer’s instructions (BD Biosciences). Talin2 siRNA insertion: 5′-
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GATCCGAAGTCAGTATTACGTTGTTCTCAAGAGAAACAACGTAATACTGACTTC
TTTTTTTCTAGAG-3′. The talin2 siRNA insertion sequence was mutated to create the
control siRNA insertion sequence: 5′-
GATCCGAAGTGAGTATATCGTTGTTCTCAAGAGAAACAACGATATACTCACTTC
TTTTTTTCTAGAG-3′. All constructs were authenticated by sequencing. GFP–talin1
(mouse), GFP–talin1H (amino acids 1–435), GFP–talin1R (amino acids 434–2541) expression
constructs were generated by Neil Bate (University of Leicester, UK). The GFP sequence was
replaced with monomeric-DsRed to create DsRed–talin1H. Talin1ABS lacking the C-terminal
actin-binding domain (amino acids 1–2229) was from A.J. Woods (University of Leicester).
α-actinin–EGFP was from C.A. Otey (University of North Carolina, Chapel Hill). DNA
constructs were transfected into talin1−/− cells using the Amaxa Nucleofector System (Lonza).
About 5–10 μg of DNA was used per reaction (106 cells). Efficiency, confirmed with a GFP
marker, was greater than 85% after 3.5 days.

Coverslip-coating, live-imaging and TIRF microscopy
Silanized coverslips or culture dishes were coated with human plasma fibronectin (10 μg
ml−1; Roche) overnight at 4 °C. For live-imaging of cell spreading, cells transfected with the
indicated construct were trypsinized and resuspended in culture medium for 45 min at 37 °C
for recovery. Cells were then sealed in a live-imaging chamber with the bottom coverslip coated
with fibronectin, and mounted onto a motorized 37 °C stage. DIC and TIRF images were taken
on an Olympus BX50 fluorescence microscope with a ×60, N.A. 1.45 objective.

Chemicals, antibodies and immunofluorescence microscopy staining
Blebbistatin and PP2 were from Calbiochem. GRGDTP peptide was from Sigma. Monoclonal
talin antibody (8d4, WB 1:800 and IF 1:400), anti-vinculin (hVIN-1, WB 1:3000 and IF 1:500)
and anti-Mena antibody (clone 21, IF 1:200) were from Sigma. Talin2-specific antibody was
a gift from Dr Pietro De Camilli (Yale University). Anti-myosin IIA antibody was from Abcam
(WB 1:1000). Total β1 integrin antibody (M-106, WB 1:500) and GAPDH antibody (sc-32233,
WB 1:1500) were from Santa Cruz. β-tubulin antibody (3f3, WB:1:3000 and IF 1:1000) was
from Seven Hills Bioreagents. Paxillin (IF 1:500) and FAK (WB 1:500) antibodies were from
BD Transduction. Anti-Src antibody (mAb327, WB 1:100) was from Calbiochem. Anti-
phospho-FAK antibody (pY397, WB 1:500 and IF 1:400) was from Biosource. Anti-phospho-
Src (pY416, WB 1:500), anti-phospho-MLC antibodies (Thr18/Ser19, IF 1:50) were from Cell
Signaling. Monoclonal activated β1 antibody (9EG7, IF 1:100) was from BD Pharmingen.
Rhodamine-phalloidin and secondary antibodies were from Molecular Probes. For
immunofluorescence microscopy, cells were fixed with 4% paraformaldehyde and
permeablized with 0.1% Tritron X-100 or methanol. Primary antibody labelling was performed
at 4 °C overnight and secondary antibody labelling was performed at room temperature for 45
min. Phalloidin labelling was performed together with the secondary antibody labelling.
Confocal images were taken on an Olympus Fluoview FV500 laser-scanning confocal
microscope with Argon 488 nm, HeNe-G 543 nm and HeNe-R 633 nm beams.
Immunofluorescence microscopy images were reconstructed from confocal z-slices.

Western blot and quantification
Cells in culture were rinsed once with PBS and lysed directly in RIPA buffer. For time-lapse
western blotting, transfected cells were trypsinized and incubated in suspension for 45 min
before being plated on fibronectin-coated culture dishes. At the indicated times, cells were
washed once with PBS and lysed in RIPA. All cell lysates were combined with 5× loading
buffer and boiled before loading onto 4–20% gradient duramide gels (Cambrex). Protein was
then transferred to Optitran reinforced nitrocellulose membrane (Whatman). The membrane
was blocked with 5% dry milk-TBST, and incubated with primary antibody overnight at 4 °
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C. The membrane was then incubated for 1 h at room temperature with anti-mouse or anti-
rabbit-HRP (Jackson Laboratories). The signal was detected with ECL western blotting
detecting reagents (Amersham Biosciences) on Kodak BioMax XAR film. Signal
quantification was performed with NIH ImageJ.

Wrinkle gel preparation and traction force observation
710 fluid (Dow Corning) was plasma-treated to catalyse polymerization to produce the solid
surface. The surface was further UV-treated to partially de-polymerize the polymer to achieve
the desirable rigidity. The wrinkle gel was coated with fibronectin (10 μg ml−1) for 2 h at 37
°C before performing the cell spreading assay. DIC images were taken with a ×40 N.A. 0.4
objective.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Talin2 depletion in talin1−/− cells does not affect initial spreading on fibronectin but causes
cell rounding. (a) GFP and talin2 siRNA co-transfected cells rounded 90 min after plating on
fibronectin-coated coverslip. GFP and control siRNA or GFP–talin1 and talin2 siRNA co-
transfected cells showed a normal elongated fibroblast-like morphology. (b) The decrease in
talin2 levels ranged from 48–68%, depending on the transfection efficiency of talin2 siRNA.
(c, d) Time-lapse sequential images of the talin1−/− control cell (c, Supplementary Information,
Movie 1) and the talin-deficient cell (d, Supplementary Information, Movie 2) spreading on
fibronectin. (e) Summary of early spreading behaviours of control and talin-deficient cells.
(f) Time lapse between initiation of spreading and complete rounding up of talin-deficient cells.
Scale bars are 50 μm (a), 10 μm (c, d).
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Figure 2.
Spread talin-deficient cells show defects in focal adhesion formation and adhesion to
substrates. (a–h) Talin-deficient cells spread without assembling focal adhesions. Control
siRNA (a, c, e, g) and talin2 siRNA (b, d, f, h) transfected cells were plated on fibronectin for
20 min before fixation and were stained for the indicated proteins and F-actin. (i, j) Talin-
deficient cells spread with defective adhesion to the substrate. GFP and control siRNA (i) or
GFP and talin2 siRNA (j, Supplementary Information, Movie 3) co-transfected cells were
plated on fibronectin. DIC and TIRF images of live cells were taken at 10 s per frame. Scale
bars are 5 μm (c) and 10 μm (a, e, g, i)
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Figure 3.
Talin1 head activates β1 integrin but does not rescue focal adhesion formation. (a) The spread
phase on fibronectin was prolonged in cells expressing the talin1 head (talin1H) but not the
talin1 rod (talin1R). Talin1−/− cells co-transfected with GFP-talin1H and talin2 siRNA or with
GFP-talin1R and talin2 siRNA were plated on fibronectin for 90 min before fixation. (b)
Summary of early spreading behaviour of talin1H-expressing cells. (c) Sequential time-lapse
images of the talin1H-expressing cell spreading on fibronectin (Supplementary Information,
Movie 4). (d, e) Focal adhesion formation was defective in talin1H-expressing cells. 90 min
after plating, cells were fixed and stained for vinculin (d) and paxillin (e). (f–h) Talin, through
its head domain, activated and colocalized with β1 integrin at the leading edge of spread cells.
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GFP–talin1-restored cells (f), GFP–talin1H-expressing cells (g) and talin-deficient cells (h)
were plated on fibronectin for 20 min, 90 min and 20 min, respectively before fixation. Scale
bars are 50 μm (a), 5 μm (e) and 10 μm (c, d, f–h).
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Figure 4.
Talin depletion impairs FAK-Tyr 397 phosphorylation upon adhesion to fibronectin. (a)
Western blots showed defects in adhesion-dependent FAK-Tyr 397 phosphorylation in talin-
deficient cells. Control, talin2 siRNA, and talin1H and talin2 siRNA co-transfected cells were
plated on fibronectin-coated culture dishes for the indicated time before lysis. (b) Profile of
FAK-Tyr 397 phosphorylation levels with adhesion to fibronectin. pTyr 397: FAK ratio of
control cells at 120 min was set at 1 arbitrary unit (AU) and the values of other time points
were adjusted proportionally. Data are mean ± s.e.m., n = 3. (c) Activation profile of SFK with
adhesion to fibronectin. pTyr 416: Src ratio increase of 10 min above the suspension sample
in control cells was set at 1 AU and other time points were adjusted proportionally. Data are
mean ± s.e.m., n = 3. (d–f) Immunostaining for phospho-FAK (pTyr 397) in control (d), talin2-
deficient (e) and talin1H-expressing cells (f). Cells were fixed 20 min (d, e) and 90 min (f)
after plating. The pTyr 397 signal was lost in talin2-deficient and talin1H-expressing cells.
Scale bars are 10 μm.
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Figure 5.
Talin couples actomyosin contractility to the substrate and facilitates the distribution of
microtubules. (a –d) Cells without full-length talin could not confine fast α-actinin rearward
flow to the leading edge. Talin1−/− cells co-transfected with α-actinin–GFP and control siRNA
(a, Supplementary Information, Movie 6) or α-actinin–GFP, DsRed-talin1H and talin2 siRNA
(c, Supplementary Information, Movie 7) were plated on fibronectin. DIC, TIRF or
epifluorescence (epi) sequential images were taken at 10 s per frame. Kymographs (b, d) were
generated from Supplementary Information, Movies 6 and 7, respectively. There was partial
loss of the TIRF signal in d caused by ventral membrane detachment. Regions with fast
rearward flow and the flow rate were determined by kymographs (averaged from three
measurements for each cell). Scale bars are 5 μm (a, c) and 1 min (horizontal), 2 μm (vertical)
(b, d). (e, f) Blebbistatin treatment (Bb, 50 μM) slowed the rearward flow in talin1H-expressing
cells, as revealed by the kymograph of DIC (f, Supplementary Information, Movie 8). Cell
flattening was observed immediately after drug perfusion. Images before and 2.5 min after
treatment were shown (e). Scale bars are 10 μm (e), 1 min and 5 μm (f). (g, h) Coupling of
actomyosin contractility to the substrate was affected in the absence of full-length talin. GFP–
talin1 and talin2 siRNA or GFP–talin1H and talin2 siRNA co-transfected cells were plated
on fibronectin and stained for phospho-MLC. (i–k) Actomyosin activity restricted
microtubules in talin1H-expressing cells. Talin1H-expressing cells (k) were plated in the same

Zhang et al. Page 14

Nat Cell Biol. Author manuscript; available in PMC 2009 September 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



way as talin1-restored (i) and talin1H-expressing (j) cells, but were treated with 50 μM
blebbistatin for 2.5 min before fixation. Scale bars are 10 μm (g–k).
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