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ARTICLE INFO ABSTRACT

Keywords: Focal adhesions (FAs) provide the cells linkages to extracellular matrix (ECM) at sites of integrins binding and
Focal adhesion transmit mechanical forces between the ECM and the actin cytoskeleton. Cells sense and respond to physical
YAP . stimuli from their surrounding environment through the activation of mechanosensitive signaling pathways, a
Integrin . process called mechanotransduction. In this study, we used RGD-peptide conjugated DNA tension gauge tethers
Mechanosensitive

(TGTs) with different tension tolerance (Ty)) to determine the molecular forces required for FA maturation in
different sizes and YAP nuclear translocation. We found that the limitation of FA sizes in cells seeded on TGTs
with different Ty, were less than 1 pm, 2 pm, 3 pm, and 6 pm for Ty, values of 43 pN, 50 pN, 54 pN, and 56 pN,
respectively. This suggests that the molecular tension across integrins increases gradually as FA size increases
throughout FA maturation. For YAP nuclear translocation, significant YAP nuclear localization was observed
only in the cells seeded on the TGTs with Ty, > 54 pN, but not on TGTs with Ty, < 50 pN, suggesting a threshold

Mechanical force

of molecular force across integrins for YAP nuclear translocation lies in the range of 50 pN-54 pN.
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1. Introduction

The interactions of adherent cells with the extracellular matrix
(ECM) mediated by the integrins are essential for many cellular func-
tions. Cellular tension is modulated by extracellular mechanical stimuli
through changes of cytoskeletal organization and molecular processes
which in turn alter cell behavior as well as gene expression [1-4]. The
response of cells to physical stimuli of the ECM is a general phenomenon
affecting tissue development and homeostasis [5,6]. Focal adhesions
(FAs) provide the cells linkages to ECM at sites of integrins binding and
transmit mechanical forces between the ECM and the actin cytoskeleton
[7,8]. The engagement of integrins with ECM proteins activates the
integrins to recruit multiple proteins to form nascent adhesions.

Thereafter, some adhesions disassemble, while other adhesions mature
in a force-dependent manner [9]. A reduction in contractility leads to FA
disassembly, whereas an enhancement in contractility causes FA stabi-
lization and maturation. The mechanical forces also modulate mecha-
nosensitive pathways by changing protein conformation to enhance
their biochemical activities or protein-protein interactions to fine-tune
mechanotransduction [10-14]. Thus, the ligand-engaged integrins,
adaptor proteins at FAs, actin filaments, myosin motors pulling on actin
filaments, and the mechanosensitive molecules work coordinately as a
molecular clutch system [15], which determines not only force trans-
mission but also force transduction, as well as the activation of down-
stream signals such as FA dynamics and gene expression for the
corresponding cell behavior [16].

It is well known that the nuclear translocation of Yes-associated
protein (YAP) can be driven by mechanical forces [17,18]. YAP is a
transcriptional regulator that plays critical roles in cancer, development,
regeneration, and organ size control [19-22]. The function of YAP is
mainly controlled by its localization in either the cytoplasm or the nu-
cleus, and regulated by both biochemical and mechanical cues [23]. YAP
is biochemically regulated by Hippo signaling pathway through protein
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phosphorylation [24]. YAP is also regulated by many mechanical cues
that requires cytoskeletal integrity, which involves different adhesive
and cytoskeletal structures, including myosin contractility and the linker
of nucleoskeleton and cytoskeleton (LINC) complex [25-28]. It has been
reported that force applied to the nucleus directly triggers YAP nuclear
entry by decreasing the mechanical restriction of nuclear pores to mo-
lecular transport [29]. Therefore, the YAP nuclear translocation is
driven by the adhesion-mediated cellular forces. A systematic investi-
gation of the interplays between the FA-mediated forces and various
mechanosensitive cellular events, such as YAP activation, will provide a
deeper understanding of the mechanotransduction in cancer and in
other related diseases.

Different technologies have been developed to study the mechanics
of the cell-matrix interaction. Traction force microscopy (TFM) tech-
nique measures cells deformation on elastic polymers or microstructures
to provide the information about force magnitude and organization in
living cells [30,31]. Single molecule force spectroscopy (SMFS) tech-
niques, such as atomic force microscopy (AFM) and optical or magnetic
tweezers, applies external forces to probe the mechanics of single
molecule in vitro [32,33]. The fluorescence resonance energy transfer
(FRET)-based tension sensors measure the mechanical tension across the
designed molecules, such as vinculin tension sensor, in living cells
[34-36]. In addition to these technologies, Wang and Ha have devel-
oped the tension gauge tether (TGT) approach in which the ligand is
immobilized to a surface through a rupturable tether to define the mo-
lecular forces required to activate integrin for cell adhesion and the
molecular tension threshold to activate Notch signaling [37]. Using a
range of integrin ligand-conjugated TGTs with tunable tension toler-
ances (Ty), they observed that integrin experienced about 40 pN during
initial adhesion [37]. They also provided evidence that links molecular
forces at the cell-substrate interface to the extent of cell spreading [38].

In this study, we used the TGT approach to measure the force
required for FA maturation in different size and YAP nuclear trans-
location, two elementary cellular processes that depend on integrin-
mediated adhesion and controlled by myosin II-mediated forces. Our
results reveal that (1) the molecular tension on integrin increases with
the FA size during FA maturation, and (2) the YAP nuclear translocation
requires a threshold of molecular tension in the range of 50-54 pN.

2. Materials and methods
2.1. Cell culture

Mouse embryonic fibroblasts (MEFs) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% (v/v) of
fetal bovine serum (FBS) and antibiotics (10 unit/ml of Penicillin and
0.1 mg/ml of Streptomycin) in a humidified atmosphere of 5% CO2/
95% air at 37 °C. Cells were allowed to attach onto the RGD-conjugated
TGTs or glass coverslips coated with 10 pg/ml of fibronectin (FN) or 0.1
mg/ml of poly-L-lysine (PLL) in the completed culture media.

2.2. Reagents and antibodies

Cyclic peptide RGDfk-NH2 was obtained from Peptides International
(Louisvile, KY, USA), biotin-labeled bovine serum albumin (BSA),
Hoechst-33342, and glutaraldehyde were from Sigma-Aldrich (Louis,
MO, USA), mouse anti-paxillin antibody and fibronectin were from BD
Biosciences (San Jose, CA, USA), Neutravidin and Sulfo-SMCC were
from Thermo Fisher Scientific (Waltham, MA, USA), Phalloidin was
from molecular probe, (Grand Island, NY, USA), mouse anti-YAP
monoclonal IgG was from Santa Cruz Biotechnology (Dallas, Texas,
TX, USA), CF568 goat anti-mouse IgG was from Biotium, Inc. (Fremont,
CA, USA).
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2.3. Fabrication of RGD-conjugated TGTs

To create the TGTs linked ligand for integrins, we conjugated cyclic-
RGDfK peptide to a DNA strand of a dsDNA as a rupturable tethers, as
was described elsewhere [37]. The single-stranded DNA oligomers were
purchased from MDBio, Inc. (Taipei, Taiwan). The sequence of forward
ssDNA is: 5-/Cy5/CAC AGC ACG GAG GCA CGA CAC/3ThioMC3-D/-3;
where 5’ was conjugated with Cy5 and 3’ was modified with a reactive
thiol group. The cyclic-RGDfK peptide and forward ssDNA were conju-
gated to each other through hetero-bifunctional crosslinker Sulfo-SMCC.
The RGD-conjugated ssDNA was then purified and then annealed with
different complementary reversed ssDNA which have biotin labeling at
different positions to form the dsDNA TGT constructs. The annealing
efficiency and the quality of each dsDNA TGT constructs were checked
by 15% polyacrylamide gel electrophoresis (Fig. S1).

Glass coverslips were functionalized with an array of TGTs [38].
Briefly, the silane-coated slides were incubated with 0.1 mg/ml of
biotin-BSA at 4 °C for overnight. Slides were washed with PBS and then
incubated with 0.5% of glutaraldehyde for 10 min at room temperature.
After several washes, the surface was blocked by 3% of BSA for 30 min,
followed by incubation with neutravidin for 30 min at room tempera-
ture. After washing again with PBS, 1 uM of RGD-conjugated dsDNA
were spotted on the on the surface and incubated for 30 min at room
temperature. The spots were then washed with PBS for three times. The
surface density of RGD-TGTs were checked by the quantification of Cy5
fluorophore before seeding of cells. Images were captured using a
fluorescence microscope (Nikon) with a 20X air lens and a cooled CDD
camera (Hamamatsu), and intensity of Cy5 fluorophore was measured
using ImageJ software.

2.4. Immunofluorescent (IF) staining

Cells were fixed with 4% of paraformaldehyde in PBS, pH 7.4, for 30
min, followed by permeabilization with Tris-buffered saline containing
0.3% of Triton X-100 for 5 min. After blocking with 5.5% of normal goat
serum for 30 min, samples were incubated overnight at 4 °C with anti-
bodies, then for 1 h with secondary antibodies, phalloidin, and Hoechst,
washed, mounted and examined on a fluorescence microscope (Nikon)
with a 60X oil-immersion lens. Images were captured using a cooled
CDD camera operated by (Hamamatsu) image acquisition software and
arranged using Photoshop (Adobe) software.

2.5. Image analysis

For the quantification of FA length, the images of IF staining with
anti-paxillin antibody were segmented and analyzed using ImageJ
software. Briefly, a threshold, based on the background of fluorescence
images, was used for the identification of FAs. Length of FAs in cells
were determined by drawing the major axis of each individual FAs and
measuring their lengths using the built-in function of ImageJ. The
average of FA length per cell was calculated. The distribution of all FAs
in each group was presented by box and whisker plots. The average of FA
size of individual cells in each group was presented by scatter dot plots.
For the analysis of the YAP nuclear translocation, the regions of whole
cell and cell nucleus were drawn according to the DIC image and
Hoechst staining, respectively. The fluorescence intensities of YAP
signal in whole cell and nuclear region were also measured using
ImageJ. The nuclear enrichment of YAP was presented as the ratio of
background-subtracted fluorescence mean intensity for YAP in nuclear
region to the one in the whole cell region.

3. Results
3.1. Molecular tension driven FA maturation in different size

To create the integrin ligand linked TGT, we conjugated the integrin
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ligand cyclic-RGDfK peptide [39] to five different Cy5-labeled DNA
TGTs (Fig. S1). These DNA tethers share the same length, sequence, and
thermal stability, but have different Ty, values, which were estimated to
be 33, 43, 50, 54, and 56 pN [37]. The five RGD-conjugated TGTs were
then immobilized through a neutravidin-biotin linker to the glass sur-
face coated with biotin-BSA. The Because the avidin-biotin unbinding
force is about 160 pN [40], the Ty, values of these RGD-conjugated TGTs
depend on the force application geometries of the TGT constructs. We

A

33 pN 43 pN

cys Cyclic-RGDfk  Cy5

Cyclic-RGDfk  Cy5
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then plated MEFs on the surface of these RGD-conjugated TGTs, and
examined the cell adhesion by phase-contrast images. Consistent with
the results reported earlier [37], we observed that the threshold of
molecular tension for initial cell adhesion was in the range of 33-43 pN.
Cells were well attached on the TGTs with Ty, > 43 pN, but only very
few cells were attached to 33 pN TGT. For TGT with Ty, of 43 pN, cells
spread slightly during the first 30 min; but did not continue to spread out
thereafter. For TGTs with T, > 50 pN, cells attached within 15 min and

50 pN 54 pN 56 pN

Cyclic-RGDfk  Cy5 Cyclic-RGDfk  Cys Cyclic-RGDIk
1

1 I I | 1 1 1 1
5' CAC AGC ACGGAG GCACGA CAC 5’ CAC AGC ACGGAG GCACGA CAC 5" CAC AGC ACGGAG GCACGA CAC 5’ CAC AGC ACGGAG GCACGA CAC 5' CAC AGC ACGGAG GCACGA CAC
3 GTG TCG TGC CTC CGT GCT GTG 3’ GTG TCG TGC CTC CGT GCT GTG 3' GTG TCG TGC CTC CGT GCT GTG 3 GTG TCG TGC CTC CGT GCT GTG 3’ GTG TCG TGC CTC CGT GCT GTG
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Fig. 1. The images of MEFs seeded on RGD-conjugated TGTs (A) The phase images of MEFs seeded on TGTs with Ty, of 33-56 pN for 15-60 min. Scale bar, 20 pm.
(B) Cells seeded on FN-coated coverslips or TGTs with Ty, of 43-56 pN for 60 min were fixed and stained with anti-paxillin antibody (green) and phalloidin (red). The
dsDNA-duplex was visualized by Cy5 (purple). Scale bar, 10 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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continue to spread out thereafter (Fig. 1A). These data indicate that the
molecular tension on integrins is about 43 pN for initial cell adhesion;
the tension then increases gradually throughout the FA maturation
during cell spreading.

To observe the formation of FAs and actin filaments, cells were fixed
for IF staining with anti-paxillin antibody and phalloidin, respectively.
MEFs seeded on the FN-coated glass coverslips was used here as a pos-
itive control. We found that MEFs formed FAs and well-organized actin
filaments in the cells seeded on the TGTs with Ty, > 50 pN. The for-
mation of FAs was enhanced slightly with increasing Ty, of TGTs
(Fig. 1B). As reported in several literatures [37,41,42], we observed the
loss of Cy5 signal in some regions around the cells, indicating that TGT
rupture occurs when integrin forces was larger than Tyy. It has been
reported that treatment of cells with ROCK inhibitor Y27632 or myosin
Il inhibitor blebbistatin significantly abolished the rupture of TGTs with
Tt > 43 pN, but had no effect on TGTs with Ty, < 33 pN [42]. It sug-
gests that forces across integrins and TGTs with Ty, > 43 pN are
mediated by actomyosin contractility.

A
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To measure the molecular forces required for FA maturation in
different sizes, cells were fixed for IF staining with anti-paxillin antibody
(Fig. 2A). The lengths of FAs were measured by ImageJ. We found only
small focal adhesion complexes (< 1 pm) in cells seeded on 43 pN TGT
for 30 min; FAs were not formed, and some cells became detached
thereafter. For TGTs with Ty, > 50 pN, small FAs appeared in about 15
min, and the sizes of FAs increased with the increment of Ty,. There-
after, the difference in FA sizes associated with different Ty, was more
pronounced. During the 60 min observation period, the sizes of FAs
increase, up to the size of 2 pm, 3 pm, and 6 pm for Ty values of 50 pN,
54 pN, and 56 pN, respectively (Fig. 2B). We also calculated the average
FA size in each individual cells, which shows a positive correlation be-
tween FA maturation and molecular tension on integrins (Fig. 2C). The
data suggest that the molecular tension on integrins is enhanced grad-
ually with the increase of FA size during the process of FA maturation.
We also measured the cell area of MEFs seeded on these TGTs and found
that the cell area was also sensitive to Ty, of the TGTs (Fig. 2D). Cells
were poor spreading on 43 pN TGT and well spreading on the TGTs with
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Fig. 2. Molecular forces required for FA maturation in different sizes. MEFs were seeded on RGD-conjugated TGTs with Ty, of 43-56 pN for different durations as
indicated. (A) Cells were fixed and stained with anti-paxillin antibody (green). One set of the represented images was shown. Scale bar, 10 pm. (B) Box and whisker
diagrams showing the length of all detected FAs on TGTs with Ty, of 43 pN (green), 50 pN (yellow), 54 pN (blue), and 56 pN (red) for 15-60 min as indicated (> 500
FAs from more than12 representative cells in three independent experiments). Boxplots represent 25th, 50th, and 75th percentiles, while whiskers extend to the 1st
and 99th percentiles, outliers are plotted as individual dots. (C) Scatter dot plots show the average length of FA of each individual cells. Data are expressed as mean
=+ SD from more than 12 cells; each dot represents one single cell. (D) The cell area in different conditions was measured and presented by the scatter dot plots. Data
are expressed as mean + SD from more than 45 cells three independent experiments, except the 43 pN TGT groups. Differences between continuous variables were
compared using the Mann-Whitney U test. *P < 0.05; **P < 0.005; ***P < 0.001; ns., not statistically significant. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)



C.-Y. Chang Chien et al.

Tt > 50 pN. Cell area was significant increased with the increment of
Tl in the range from 43 pN to 54 pN, while no statistical difference
between cells on 54 pN and 56 pN TGTs regardless of incubation time.
The similar ligand density on the surface of these TGTs were checked by
measuring the Cy5 fluorescence intensity before seeding cells (Fig. S2),
suggesting the observed cellular difference was not due to the ligand
density RGD-TGTs but due to the Ty, of the TGTs. In addition, the FA
length and cell area of MEFs seeded on the surface of FN-coated glass
were also measured (Fig. S3). Taken together, our data suggest that both
FA size and cell spreading area are mechanosensitive in MEFs.

3.2. Molecular tension on integrin for YAP nuclear translocation

It is well known that the nuclear translocation of the transcriptional
regulator YAP can be regulated by mechanical signaling [17,29]. Here,
we used the RGD-conjugated TGTs to test if there is a threshold of mo-
lecular force required for YAP nuclear translocation. To examine
whether it is dependent on integrins and to figure out the appropriate
time of cell attachment for YAP nuclear translocation, MEFs were plated
on the glass surface coated with PLL or FN for 30 and 60 min, followed
by IF staining with anti-YAP antibody and Hoechst. Unlike FN which
promotes cell attachment by activating integrins, PLL provides cell
attachment without activation of integrins. We found that the distribu-
tion of YAP in cells was predominantly concentrated in the nuclei after
cells were attached to FN for 60 min, while YAP was still evenly
distributed in both nucleus and perinuclear cytoplasm in cells seeded on
PLL, suggesting the dependence of integrin activation for YAP nuclear
translocation. The nuclear enrichment of YAP was not observed in either
FN- or PLL-attached cells at the 30-min time point, suggesting this event
requiresmore than 30 min of cell attchment (Fig. 3).

We then plated MEFs on the surface of RGD-conjugated TGTs with
Tto1 of 43-56 pN for 60 min to examine the molecular force on integrins
required for YAP nuclear translocation. After 60 min of cell attachment,
a significant nuclear enrichment of YAP was observed in the cells seeded
on TGTs with T, > 54 pN, but not in the cells seeded on TGTs with Ty
< 50 pN (Fig. 4), suggesting that the threshold of molecular tension
across integrins required for YAP nuclear translocation was in the range
of 50-54 pN during cell attachment.

4. Discussion

Mechanical forces are essential for a variety of cellular processes

B

Nuclear enrichment
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through the activation of a wide variety of mechanosensitive signal
pathways. In this study, we used the RGD-conjugated TGT approach to
determine the requirement of molecular tension on integrins for FA
maturation in different sizes. The integrins bond to the tethered ligand,
and FAs are formed and matured only if the tether does not rupture. Our
results show that the limitation of FA sizes in cells seeded on TGTs with
different Ty, were less than 1 pm, 2 pm, 3 pm, and 6 pm for Ty, values of
43 pN, 50 pN, 54 pN, and 56 pN, respectively. It is well known that YAP
nuclear translocation requires the activation of integrins and the myosin
II-mediated contractility. However, it is not clear if there is a threshold
of molecular tension for this mechanosensitive event. Here, we observed
that YAP was significantly enriched in the nuclei of cells adhere on the
surface of 54 pN TGT, but not on 50 pN TGT. Our data suggest that the
threshold of molecular force requirement on integrins for YAP nuclear
translocation take place was in the range of 50-54 pN.

Many literatures report that nascent adhesion formation is myosin II-
independent, whereas FA maturation is myosin [I-dependent [11,16,
43]. It has been reported that the molecular tension threshold fall within
the range from 33 pN to 43 pN for integrin activation during initial
adhesion. This tension threshold was reduced when cells were treated
with hypertonic medium, but was not affected by the treatment of
myosin II inhibitor blebbistatin in CHO-K1 cells [37], suggesting the
molecular tension for initial stages of cell adhesion is regulated by
membrane tension but not by actomyosin contractility. In our study, we
observed the same range of molecular tension for initial cell adhesion in
MEFs. However, only small FAs appeared in the MEFs seeded on 43 pN
TGT. It suggests that molecular tension required for nascent adhesion
formation is less than 43 pN, but that larger tension is required for FA
maturation in MEFs. Reminiscent of two previous studies, the assembly
of nascent adhesions at the leading edge of migrating cells was found to
be independent of substrate rigidity or cell contractility [44]; and
nascent adhesions are responsible for the generation of propulsive forces
in migrating fibroblasts [45]. We speculate that the tension thresholds
for initial adhesion and for FA formation may be mainly regulated by
different cellular determinants, the former being the cell membrane and
the latter the cytoskeleton. All of these might be influenced by the
cellular context and the spatiotemporal dynamics under different
conditions.

It is well known that the formation of matured FAs involves multiple
proteins and requires mechanical stimulus [46,47]. By plating MEFs on
FN-coated polyacrylamide gels with different rigidity, we have demon-
strated that FA maturation in MEFs depends on the matrix stiffness and

Fig. 3. Integrin activation is critical for
YAP nuclear localization. MEFs were
plated on PLL- or FN-coated coverslips for
30 min or 60 min. (A) Cells were fixed
and stained with anti-YAP antibody
(green). Nuclei were stained with Hoechst
(blue). Cell morphology is displayed by
DIC images. The cell boundary is shown
in white and the nuclei boundary in yel-
° low. Scale bar, 10 pm. (B) Scatter dot
plots of nuclear enrichment of YAP. Data
are expressed as mean + SD from more
than 15 representative cells on PLL and 30
representative cells on FN in three inde-
pendent experiments; each dot represents
one single cell. Differences between
continuous variables were compared
using the Mann-Whitney U test. **P <
0.005; ***P < 0.0005; ns., not statistically
significant. (For interpretation of the ref-
erences to colour in this figure legend, the
reader is referred to the Web version of
this article.)
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correlates with the enhanced stress fibers and intracellular traction
forces [48]. In this study, we found that the requirement of molecular
force increased gradually as FA size increased. MEFs on TGTs with Tyo >
50 pN started to form FAs within 15 min and expanded over time to
varying degrees depending on Ty, of TGTs, whereas MEFs on 43 pN TGT
only formed small FAs at the 30-min time points. We also found that the
cell spreading area of MEFs seeded on TGTs was sensitive to Ty, of the
TGTs. One recent study has reported that cell spreading area was sen-
sitive to substrate stiffness in NIH 3T3 fibroblasts [49]. They demon-
strated that cells seeded on soft substrates exhibited normal protrusion
activity, but these protrusions were not stabilized due to impaired
adhesion assembly, resulting in poor spreading. Here, we found that
MEFs were poor spreading on 43 pN TGT, that might be very similar to
the condition of cells seeded on soft substrates.

The loss of Cy5 signal of DNA tethers represents the rupture of DNA
duplex tethers caused by exceeding forces as reported in several litera-
tures [37,41,42]. In our study, we also observed this feature which al-
lows us to confirm that the observed events, such as the detected FA and
YAP nuclear translocation must have occurred at the tension below the
Tio1 of the corresponding TGTs. However, the drawback is that cells
could detach from the TGTs with low Ty,. The multiplex TGT (mTGT)
approach [41] and the quenched tension gauge tether (QTGT) approach
[50] can simultaneously monitor multiple levels of integrin-mediated
molecular tension over a wide time scale during the onset of adhesion
and cell migration. Another DNA-based digital tension probes have been
developed using DNA hairpins with predictable secondary structure and
fluorophore-quencher pair in the designated positions [51]. The probes
serve as a switch to generate a significant increase in fluorescence in-
tensity when the tension is higher than the threshold for hairpin
un-winding. This design strategy provides a way to monitor the
real-time molecular tension during cell spreading. The combination of
RGD-ligand-DNA tension sensors with super-resolution imaging tech-
nology takes the study of cell mechanics to another ultrastructure level
[52-55]. In our study, we observed that the requirement of molecular
tension on integrins is positively correlated with FA size. It implies that
the tension magnitudes in the FA structure may not be evenly distributed
throughout the FA maturation. Integrating these methods and research
results will help us to further understand the underlying network of
mechanotransduction.

5. Conclusions

Using the RGD-DNA TGT approach, we demonstrated that the mo-
lecular tension on integrins required for FA maturation in different sizes
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Fig. 4. The molecular forces required for
YAP nuclear localization. (A) MEFs

8 ———— seeded on RGD-conjugated TGTs with Ty,
- - of 43-56 pN for 60 min were fixed and IF

T 4x  ns stained with anti-YAP antibody (green).

6 Py Cell nuclei were stained with Hoechst
o (blue). Cell morphology is displayed by

DIC images. The cell boundary is shown
in white and the nuclei boundary in yel-
low. Scale bar, 10 pm. (B) Scatter dot
plots of YAP nuclear enrichment. Data are
expressed as mean + SD from 12 cells on
43 pN TGT and 20 cells on 50-56 pN
o TGTs in three independent experiments;
each dot represents one single cell. Dif-
ferences between continuous variables
were compared using the Mann-Whitney
0 U test. **P < 0.005; ***P < 0.0005; ns.,
43 50 54 56 (pN) not statistically significant. (For interpre-
tation of the references to colour in this
figure legend, the reader is referred to the
Web version of this article.)

increased as FA size increased. Specifically, we showed that the limita-
tion of FA sizes in cells seeded on TGTs with different Ty, were less than
1 pm, 2 pm, 3 pm, and 6 pm for Ty, values of 43 pN, 50 pN, 54 pN, and
56 pN, respectively. For YAP nuclear translocation, we quantified that
the threshold of molecular tension on integrin for this event to take place
was in the range of 50-54 pN.
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