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Talin-mediated force transmission and talin rod domain unfolding
independently regulate adhesion signaling

Rolle Rahikainen®?, Tiina Ohman3*, Paula Turkki2* Markku Varjosalo® and Vesa P. Hyténen*2*

ABSTRACT

Talin protein is one of the key components in integrin-mediated
adhesion complexes. Talins transmit mechanical forces between
B-integrin and actin, and regulate adhesion complex composition and
signaling through the force-regulated unfolding of talin rod domain.
Using modified talin proteins, we demonstrate that these functions
contribute to different cellular processes and can be dissected. The
transmission of mechanical forces regulates adhesion complex
composition and phosphotyrosine signaling even in the absence
of the mechanically regulated talin rod subdomains. However,
the presence of the rod subdomains and their mechanical activation
are required for the reinforcement of the adhesion complex, cell
polarization and migration. Talin rod domain unfolding was also found
to be essential for the generation of cellular signaling anisotropy,
since both insufficient and excess activity of the rod domain severely
inhibited cell polarization. Utilizing proteomics tools, we identified
adhesome components that are recruited and activated either in a
talin rod-dependent manner or independently of the rod subdomains.
This study clarifies the division of roles between the force-regulated
unfolding of a talin protein (talin 1) and its function as a physical linker
between integrins and the cytoskeleton.

KEY WORDS: BiolD, Focal adhesion, Mechanobiology,
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INTRODUCTION

Focal adhesions are complex and highly dynamic structures
organized around the cytosolic tails of activated B-integrin
adhesion receptors (Zaidel-Bar and Geiger, 2010; Wehrle-Haller,
2012; Horton et al., 2015). Talins are focal adhesion scaffold
proteins that interact with a number of adhesion proteins and
regulate the nanoscale organization of the adhesion complex (Liu
et al., 2015). Importantly, talins interact with both B-integrin tail
domains and F-actin fibers. This mechanical linkage from the
extracellular matrix (ECM) to the cell cytoskeleton is an important
contributor to the integrity of the adhesion complex, and is required
for persistent cell spreading and traction force generation (Zhang
et al., 2008; Elosegui-Artola et al., 2016). In addition to its role as a
structural scaffold, talin acts as a central adhesion complex
mechanosensor. Adhesion mechanosensing by talins is known to
be reflected in several essential cellular processes, such as
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transcription regulation through YAP/TAZ signaling, substrate
sensing and cell migration (Austen et al., 2015; Elosegui-Artola
et al., 2016; Rahikainen et al., 2017).

Talins contribute to adhesion mechanosignaling and to the force-
regulated stabilization of adhesion complexes by at least two distinct
mechanisms. First, many of the interactions of the talin rod domain
are regulated by mechanical force. The transmission of sufficient
mechanical force through the a-helical rod subdomains results in
their unfolding (Hyténen and Vogel, 2008; del Rio et al., 2009;
Margadant et al., 2011). This promotes the dissociation of some
talin-bound adhesion proteins [RIAM (also known as APBBL1IP),
DLC1], while simultaneously revealing cryptic binding sites for
other adhesion components (vinculin, actin) (del Rio et al., 2009;
Goultetal., 2013; Atherton et al., 2015; Zacharchenko et al., 2016).
These force-regulated interactions can directly mechanically
reinforce the adhesion complex, but also mediate the recruitment
of various signaling proteins, including regulators of actin and
RhoGTPases (Carisey and Ballestrem, 2011). Although the
reinforcement of adhesion complexes has mostly been associated
with the force-regulated recruitment of vinculin, the ability of
vinculin-deficient cells to polarize and migrate indicates that
mechanisms independent of vinculin must contribute to adhesion
reinforcement (Xu and Baribault, 1998; Thievessen et al., 2013).
Second, due to the role of talins as a major structural link from
B-integrin tail domains to the actin cytoskeleton, force transmission
through talins regulates the dynamics of many adhesion proteins. In
this way, talins also contribute to cellular mechanotransduction
independently of talin rod domain unfolding (Stutchbury et al.,
2017). This effect is mediated by the interactions between force-
bearing adhesion and cytoskeletal proteins. For example, the catch-
bond interactions between fibronectin—B1-integrin, vinculin-actin
and actin—myosin are strengthened under mechanical load and thus
contribute to the force-regulated stabilization of adhesion
complexes (Guo and Guilford, 2006; Kong et al., 2009; Huang
et al., 2017). In addition, many cellular processes are regulated by
the level of mechanical tension transmitted through the actin
cytoskeleton and adhesion complexes. Such processes include
the assembly of fibronectin fibrils in the ECM, the severing of
relaxed actin filaments by cofilins and the overall regulation of
actin filament turnover (Hayakawa et al., 2011; Weinberg et al.,
2017; Yamashiro et al., 2018). Through these force-dependent
mechanisms, the mechanical linkage completed by a talin
modulates the dynamics of adhesion proteins and regulates the
stability and signaling of the adhesion complex. However, it is
currently not known whether these mechanotransduction events
initiated by the transmission of mechanical forces through talin can
activate adhesion stabilization and downstream signaling in the
absence of the talin rod subdomains. In addition, the contribution
of different talin domains in the force-regulated recruitment of
adhesion proteins and activation of adhesion signaling has not been
thoroughly investigated.
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In order to dissect the roles of talin mechanotransmission and
mechanotransduction in the regulation of adhesion complex
composition and signaling, we constructed modified talin proteins
and analyzed their functionality in talin-null cells. We found that
talin mechanotransmission contributes to adhesion stability and to
the activation of adhesion phosphotyrosine signaling in the absence
of talin rod domain-mediated mechanotransduction, whereas
adhesion reinforcement, maturation and cell polarization are
dependent on the presence of talin rod subdomains. Conversely,
excess talin rod domain signaling prevents cell polarization and
migration due to the loss of cellular signaling anisotropy. Strikingly,
despite the observed critical importance of the talin rod subdomains
in the force-regulated reinforcement of the adhesion complex, the
results of this study indicate that none of the rod subdomains is
indispensable for this function. This indicates that the mechanical
activation of talin rod subdomains regulates adhesion reinforcement
through multiple parallel mechanisms. Finally, utilizing proteomic
tools, we identified novel talin-associated proteins, for which
recruitment or activation is dependent either on the transmission of
mechanical forces by talin or on the force-regulated unfolding of the
talin rod subdomains. Overall, the results of this study open new
insights into the diverse mechanisms by which talins regulate
adhesion complex protein composition and signaling.

RESULTS

Talin rod domain mechanotransmission contributes to
adhesion stability, but cannot mediate adhesion
reinforcement and cell migration

To investigate the contribution of talin rod domain
mechanotransmission and mechanotransduction in the regulation of
adhesion functions, we created a series of modified talin proteins
(Fig. 1A). Of these proteins, the talin head domain induces the inside-
out activation of integrins, but cannot transmit mechanical forces to the
actin cytoskeleton. The AR1-12 recombinant protein allows integrin
activation and transmission of mechanical forces to the actin
cytoskeleton, but does not contain any mechanoregulated rod
subdomains. The AR1-10 and AR4-12 recombinant proteins
transmit mechanical forces and contain two to three rod subdomains
with different mechanical properties and mechanically regulated
interaction sites (Haining et al., 2016). All recombinant talin forms
were C-terminally tagged with mCherry fluorescent protein and
expressed in TIn1™~TIn2~"~ cells deficient of both endogenous talin-1
and talin-2 (Theodosiou et al., 2016). The correct expression of all talin
forms was confirmed by western blotting (Fig. S1A).

As expected, the expression of the talin head domain in talin-
deficient cells promoted cell attachment to ECM proteins and
isotropic cell spreading (Fig. 1B), but did not allow cell polarization
(Fig. 1D) or migration (Fig. 1E) (Zhang et al., 2008). Although the
AR1-12 protein significantly increased cell-spreading area
compared to talin head domain, it too failed to support cell
migration. In contrast, all three talin forms containing rod
subdomains facilitated cell spreading, polarization and migration
(Fig. 1C-E; Movie 1). This indicates that, in in vitro conditions,
either the R1-3 or the R10-12 subdomains are sufficient to reinforce
adhesion complexes and facilitate cell polarization and migration.
Analyses of lamellipodium actin retrograde flow rate (Fig. 1F) and
macroscopic collagen gel contraction (Fig. 1G) revealed that, while
the actin-binding site (ABS3) present in the AR1-12 protein was
able to slow down actin retrograde flow, the AR1-12 protein was
unable to support adhesion reinforcement and traction force
generation. However, cells expressing this talin protein readily
relocated fluorescent fibronectin molecules coated on glass

coverslips (Fig. S1G), indicating that the ECM-integrin—talin—
actin clutch is indeed engaged in these cells.

As expected, fluorescence recovery after photobleaching (FRAP)
experiments for adhesion-localized talin revealed increased
adhesion turnover for talin head and the AR1-12 protein
compared to wild-type talin (Fig. 1H). Strikingly, in fluorescence
live-cell imaging, the adhesions formed around either the talin head
domain or the AR1-12 protein remained in their original positions
over the 120-min time-lapse series (Fig. 1I; Fig. S1H). This was in
marked contrast to the sliding and highly dynamic adhesions present
in cells expressing wild-type talin and suggests that talin rod domain
unfolding is not only required for adhesion stabilization, but also for
their controlled disassembly. Overall, these results demonstrate that,
even in the absence of talin rod domain mechanotransduction, the
transmission of mechanical force through the talin protein
contributes to adhesion stabilization, presumably through the
stabilization of catch-bond interactions between force-bearing
adhesion proteins (Kong et al., 2009). However, the lack of cell
migration or macroscopic collagen contraction by the AR1-12
protein suggests that, in the absence of talin rod domain-mediated
adhesion reinforcement, the adhesion complex repeatedly fails
under mechanical tension.

Vinculin is one of the best-characterized talin-binding proteins
and its interaction with talin protein is known to require the
mechanical activation of the talin rod subdomains (Hytonen and
Vogel, 2008; del Rio et al., 2009). As expected, cells expressing the
talin head domain or the AR1-12 protein were unable to recruit
vinculin into adhesion sites (Fig. 1J,L; Fig. S1I), while the AR1-10
[two vinculin-binding sites (VBSs)] and AR4-12 (six VBSs)
proteins and wild-type talin (11 VBSs) each recruited vinculin to
levels roughly reflecting the number of mechanically regulated
VBSs in these talin forms (Fig. 1L). Similar differences in vinculin
recruitment were also seen after normalizing the results to the level
of talin protein in each adhesion (Fig. 1K,M), indicating that the
composition of the talin rod domain determines the level of vinculin
recruitment into the adhesion complex.

Mechanical activation of talin rod subdomains is required for
their function in adhesion stabilization

Because adhesion reinforcement and cell polarization were found to
depend on the presence of talin rod subdomains, we were curious to
see whether the mere presence of the R1-3 subdomains is sufficient for
cell polarization, or if the mechanical activation of these subdomains is
necessary for their functions. To study this, we designed an expression
construct composed of the talin AR1-12 protein C-terminally fused
with the R1-3 subdomains (R1-12+C-terminal R1-3) (Fig. 2A,
Fig. S1B). When expressed in TIn1™~TIn2~"~ cells, this reorganized
talin induced isotropic cell spreading identical to the phenotype
induced by the AR1-12 protein lacking most of the rod domain
(Fig. 2A,B; Movie 2). Moreover, the cells expressing the permuted
AR1-12+C-terminal R1-3 protein were unable to migrate on
fibronectin-coated glass coverslips (Fig. 2D; Movie 2), indicating
that the mechanical activation of the rod subdomains is indispensable
for their function in the reinforcement of the adhesion complex.

As expected, the AR1-12+C-terminal R1-3 talin could not recruit
endogenous vinculin into adhesion sites (Fig. 2A). However,
co-expressed full-length vinculin or its autoinhibition-deficient T12
mutant (Cohen et al., 2005) readily localized into adhesion sites in
these cells and promoted their polarization (Fig. S2A). Although the
activity of talin VBSs is essentially regulated by mechanical force,
these results indicate that, even in the absence of mechanical
tension, an excess of cytosolic vinculin can shift the equilibrium of
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Fig. 1. See next page for legend.
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Fig. 1. Talin rod domain mechanotransmission contributes to adhesion
stability but cannot mediate adhesion reinforcement and cell migration.
(A) Schematic illustration of the truncated talin proteins expressed in
TIn1~~TIn2~/~ cells. The binding sites for selected talin ligands identified in
previous studies are shown for talin rod. (B) Representative images of cells
expressing truncated talin proteins. Phalloidin staining was used to visualize
actin cytoskeleton. (C,D) Cell area and circularity analysis for TIn1~/~TIn2~/~
cells expressing truncated talin proteins. n=288-436 cells pooled from two
independent experiments. (E) Cell migration analysis for random migration.
n=10-87 cells for each talin protein pooled from three independent
experiments. Also see Movie 1. (F) The rate of actin retrograde flow in
lamellipodia. Vertical scale bar: 10 s; horizontal scale bar: 2 pm. n=63
kymographs from 21 cells for each talin protein. The dashed lines indicate actin
flow rate in representative kymograms. (G) Contraction of collagen-I matrix in
72 h. Results normalized to wild-type (WT) talin. n=12—-20 collagen-I matrices
from three to five independent experiments. (H) FRAP recovery curves and
mobile fractions. n=20-27 cells from two independent experiments. (1) Overlaid
images at 10-min intervals from 120 min fluorescent live-cell imaging.
Thresholded images at each time point are presented with different colors. See
Fig. S1H for individual frames. (J) Vinculin colocalization with talin. See

Fig. S2I for representative images. Intensities of talin and vinculin were
measured along 10-um selections (dotted lines) and plotted as line graphs
(below). PCC, Pearson correlation coefficient. The dashed white lines indicate
the cell edge. (K) Analysis of the relative intensities of adhesion-localized talin
proteins. Intensity values were normalized to the cytosolic background
fluorescence in each cell and presented relative to the WT talin intensity. n=53—
61 cells pooled from four independent experiments. (L) Fluorescence intensity
analysis for adhesion-localized vinculin. n=23-34 cells pooled from two
independent experiments. (M) Vinculin/talin intensity ratio for the graphs in K
and L. n=23-34 cells pooled from two independent experiments. Data are
meanzs.d. The statistical significance of all results was analyzed by one-way
ANOVA and Bonferroni test. ns, not significant; **P<0.01, ***P<0.001.

folded and unfolded talin conformations towards the unfolded
form. Once bound to a talin, vinculin can function as a linkage
between the talin and actin, thus mediating the force-regulated
activation of the other VBSs in the talin rod domain and allowing
cell polarization. These results indicate the dynamic equilibrium
between active and inactive conformations of talin rod subdomains
to be regulated by both mechanical forces and the cytosolic
concentration of talin-binding proteins.

To confirm the role of the C-terminal actin-binding site (ABS3)
in talin R13 in the initial mechanical activation of the talin rod, we
created talin AR13-DD mutant lacking the R13 subdomain (Fig. 2E;
Fig. S1C). TIn1™~TIn2™'~ cells expressing this mutant were unable
to spread, polarize or migrate, and exhibited an overall phenotype
similar to that of cells expressing the talin head domain (Fig. 2F-H).
Surprisingly, in contrast to the AR1-12+C-terminal R1-3 protein,
co-expression of vinculin did not rescue the polarization of the cells
expressing the AR13-DD protein (Fig. S2B). This may be explained
by the autoinhibition between the talin head domain and R9
subdomain in the AR13-DD protein, or by decreased stability of
the R3 subdomain in the AR1-12+C-terminal R1-3 protein in the
absence of the flanking R4 subdomain. Overall, these results
indicate that, while the ABS2 in the subdomains R4-R8 is known to
be required for the generation of high traction forces (Atherton et al.,
2015), ABS3 in the R13 subdomain is indispensable for the initial
talin activation, adhesion stabilization and cell spreading.

The force-regulated unfolding of talin rod subdomains
generates the signaling anisotropy required for cell
polarization and migration

Although the mechanical loading of integrins by ECM ligands is
known to regulate cell polarity, the contribution of talin rod
mechanosensing in this process has not been elucidated (Prager-
Khoutorsky et al., 2011; Bun et al., 2014). To investigate the

possible role of force-regulated unfolding of talin rod subdomains in
the regulation of cell polarity, we utilized the destabilized AR1-12
(4S) protein developed in a previous study (Rahikainen et al., 2017).
The facilitated unfolding of this destabilized protein was found to
severely impair cell polarity and the rate of cell migration (Fig. 2K,L).
To study whether the loss of cell polarity was caused by insufficient
adhesion stability or by the lack of cellular signaling anisotropy, we
created tandem constructs composed of the destabilized AR4-12
(4S) protein supplemented by either one [AR4-12 (4S)+R1-3] or
two [AR4-12 (4S)+2xR1-3] additional R1-3 fragments (Fig. 2I).
Altogether, the addition of one R1-3 fragment significantly
facilitated cell polarization and migration, but was not sufficient
to completely rescue the effects of talin destabilization. However,
the addition of two R1-3 fragments fully rescued cell spreading,
polarization and migration (Fig. 2J-L). As each of these talin forms
contains the same destabilized R3 subdomain, these results indicate
that the facilitated unfolding of the R3 subdomain does not prevent
cell polarization and migration in the presence of intact R3
subdomains with sufficient mechanical stability. Instead, the
excess activity of the AR4-12 (4S) form seems to disturb cell
polarization by preventing the correct spatial regulation of adhesion
reinforcement and signaling. Although the talin tandem proteins
themselves were recruited to adhesions roughly to the same extent as
the destabilized AR4-12 (4S) form, they caused a further increase in
the level of adhesion-recruited vinculin and increased vinculin/talin
ratio in the adhesion sites (Fig. 2M-O; Fig. S2C). This indicates that
the additional VBSs in the tandem proteins are activated by
mechanical tension, which restores the cellular anisotropy of
vinculin recruitment and adhesion signaling. Thus, while the
establishment of cell polarity does not seem to be dependent on the
absolute level of talin in the adhesion complex, the correct force-
regulated control of its unfolding is indispensable for cell polarity.
Taken together, these results reveal that the spatially restricted
unfolding of the talin rod domain is required for the generation of
cellular signaling anisotropy. This anisotropy is critical for the
establishment of cell front-back polarity, as well as for cell migration.

Talin force transmission regulates adhesion complex
composition and signaling independently of talin rod
subdomains
Talin is known to mediate the recruitment and release of adhesion
proteins in a force-dependent manner (Gough and Goult, 2018);
however, the contribution of talin mechanotransmission in the
regulation of adhesion complex protein composition and signaling
has remained unknown. To investigate how the adhesion complex
protein composition is regulated by talin force transmission and the
unfolding of rod subdomains, we used a proximity biotinylation
approach, called BiolD (Roux et al., 2018), together with affinity
purification and mass spectrometry (MS) (Table S1). This analysis
revealed a group of proteins recruited to the adhesion complex only
in cells expressing wild-type talin (Fig. S3A). These include several
expected hits, such as members of the cortical microtubule
stabilization complexes (CMSCs), including the Kank2 protein
known to mediate the interaction between CMSCs and the talin R7
subdomain (Sun et al., 2016). Interestingly, the tumor suppressor
protein testin was also among the proteins recruited by wild-type
talin. Immunofluorescence was used to confirm that its previously
proposed (Coutts et al., 2003; Sala et al., 2017), but poorly
understood, interaction with talin is indeed mediated by the talin rod
domain (Fig. S3D).

Several of the detected proteins had increased biotin labeling in
cells expressing the AR1-12 protein (Fig. S3B). This indicates that
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