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are considered as the primary sites for cellular forces transduction during cell stable adhesion. Cell
traction forces transmitted by FAs and integrin tensions inside FAs have been extensively studied.
However, it remains unknown whether integrins outside FAs can transmit tension, and if so, what
is the tension range. We previously developed a tension sensor named tension gauge tether (TGT).
To calibrate integrin tensions outside FAs, here we applied multiplex TGT (mTGT) to simultaneously
monitor integrin tensions at separate levels. mTGT unambiguously revealed that integrins outside
FAs also transmit tension after FA formation. These tensions are mainly located in the range of 43 ~ 54
pN which is lower than integrin tensions inside FAs. Integrin tensions both inside and outside FAs
substantially contribute to bulk cellular forces and they respond independently to actin and myosin Il
inhibition, serum deprivation and microtubule inhibition, indicating their different tension sources and
independent dynamics. Our work identified integrin tensions outside FAs and calibrated the tension
range for the first time. We also demonstrated that mTGT is a valuable tool to monitor integrin tension
profile in a broad detection range of 10 ~60 pN.

Integrins are the major membrane proteins that establish physical linkage and mediate mechanical sign-
aling between cells and the matrix'. Integrin tensions are fundamental mechanical signals mediating cell
mechano-sensing. After integrins bind to ligands presented on the matrix, cells actively apply forces on
integrin-ligand bonds to probe the surrounding environment and regulate cell adhesion, migration, proliferation,
differentiation and so on?**. During stable cell adhesion, integrins cluster with many other proteins and form focal
adhesions (FA) which are considered as the main transduction sites of physical force and biomechanical signals
between cells and the matrix>®. Because of the important role in integrin signaling, FA structure and cellular
forces transmitted by FAs have been extensively studied’-'°. However, it remains unknown whether integrins
outside FAs also transmit cellular forces after FA formation. The outside-FA integrin tensions have only been
hinted to exist in cells. For example, previous research reported that cell traction forces do not correlate with
FA distirbution and integrins in FAs only contribute 30% of adhesion strength'!. In addition, FA formation is
force dependent!'?'?, suggesting that outside-FA integrin tensions may exist and stimulate the formation of new
FAs. Here we use the term “outside-FA integrin tensions” to denote the tensions transmitted by integrins outside
FAs. This term also includes integrin tensions in the potential nascent adhesions if these adhesions are small and
unresolvable to the regular fluorescence microscopy. Because the outside-FA integrin tensions likely contribute
to cell traction forces and may initiate FA formation, their characterization would contribute to a better under-
standing of integrin functions. However, so far there was no direct experimental confirmation or calibration of
the outside-FA integrin tensions. In recent years, a series of surface-tethered molecular tension sensors have
been developed to measure and map integrin tensions in real-time'#'°. These techniques provide quantitative
approaches to study integrin tensions, and revealed new insights to integrin signaling pathways. To date, integrin
tension measurements with surface-tethered tensions sensors were mainly conducted in FAs, and outside-FA
integrin tensions remain unconfirmed. There are two possible reasons why outside-FA integrin tensions were
not calibrated till now: 1. Outside-FA integrin tensions are more dispersive on surface in comparison to integrin
tensions concentrated in FAs and that may lead to low or even undetectable signals for real-time tension sensors.
2. Tension sensors referenced above generally have a dynamic range limited in 0 ~ 20 pN which may not be high
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enough to differentiate FA and outside-FA integrin tensions. Integrin tensions in FAs have been previously shown
to be above 54 pN? or even as high as 110 pN2!. We will show that outside-FA integrin tensions are also higher
than 20 pN in this article. Therefore these tension sensors may not be able to differentially report the integrin
tensions inside and outside FAs.

Previously we developed a tension sensor and modulator named TGT which has been applied to calibrate inte-
grin tensions. TGT is a molecular linker synthesized from double-stranded DNA (dsDNA) with a programmable
tension tolerance (T, tunable in 10 ~60 pN)?2. Integrin ligand molecules are tethered through TGT on a surface
where integrin tensions are globally restricted under T, because any tension larger than T, would rupture TGT
and become abolished. Labeled with fluorophore, TGT rupture by integrin tensions causes local fluorescence
loss on the surface which maps the spatial distribution of integrin tensions larger than T, in time-integrative
manner. Note that the required force (T, to rupture dsDNAs was previously calibrated with a force loading
time in the range of seconds*?*. The T, values of TGTs are nominal and subject to change if the integrin tension
application time is much shorter or longer than seconds®. However, the monotonicity of T, values used in this
article is expected to be unchanged. TGT has been applied to integrin tension measurement in FAs and revealed
>54 pN tension in FAs*. Meanwhile we also found that cells produce a ~40 pN integrin tension during initial cell
adhesion that happens before FA formation?. This tension might be the precursing outside-FA integrin tensions.
However, the TGTs measuring the ~40 pN tension do not support cell stable adesion so no FAs can form on these
surfaces, while the strong TGT supporting stable cell adhesion and focal adhesion formation can only measure
the tension higher than 54 pN. As a result, outside-FA integrin tensions during stable cell adhesion can not be
confirmed or calibrated by singleplex TGT.

Here we used multiplex tension gauge tether (mTGT) to overcome this dilemma. A surface coated with a
mixture of TGTs at high T, (T, =54 pN) value and low T, value allows cells to proceed to stable adhesion and
enables the FA formation. Meanwhile, mTGT labeled with fluorophores at separate spectra simultaneously maps
integrin tensions at multiple levels. Using mTGT, we confirmed, visualized and calibrated outside-FA integrin
tensions, and compared their dynamics to integrin tensions in FAs. These two types of tensions are active in dif-
ferent tension ranges and respond independently to the inhibition of myosin, actin and microtubule, and serum
deprivation. This discovery provides a more complete view about how integrins transmit cellular forces during
stable cell adhesion.

Results and Discussion

Multiplex TGT simultaneously maps integrin tensions at multiple levels. To enable cell sta-
ble adhesion and simultaneous mapping of integrin tensions at multiple levels, we developed multiplex TGT
(mTGT). Two types of TGTs with T;,;= 12 pN and 54 pN were synthesized from double-stranded DNA (dsDNA).
These two TGTs were labeled with Cy5 and Cy3 respectively to map integrin tensions at different levels in separate
imaging channels. These TGTs were conjugated at one end with peptide cyclic-RGDfK which is a ligand having
high affinity with integrin ow,3;* and lower affinity with integrin a3,%. The other end of the TGTs is tagged with
biotin used to immobilize the TGTs on streptavidin coated surface. The TGTs with T,;;=12 pN and 54 pN are in
unzipping and shear configurations, respectively. In unzipping configuration, RGDfK and biotin are located at the
same end of dsDNA with RGDfK conjugated to top strand and biotin conjugated to the bottom strand. In shear
configuration, RGDfK and biotin are on the opposite ends of dsSDNA, as shown in Fig 1a.

In experiments, a streptavidin-coated glass coverslip was incubated with mTGT, a mixture of 12 pN and 54
pN TGTs at 0.1 uM concentrations. The coverslip was then washed and served as an mTGT surface. CHO-K1
cells cultured for 72hours in a culture flask were detached by EDTA solution (Ethylenediaminetetraacetic acid),
a mild cell detaching reagent which preserves the integrity of integrins. Detached cells were plated on the mTGT
surface and cultured for 2 hours in an incubator at 37°C and 5% CO,. CHO-KI1 cells adhered normally on the
surface as 54 pN TGT has high T value to support cell adhesion*’. The mTGT surface was then imaged in three
imaging channels: phase contrast, Cy3 and Cy5 (Fig. 1b). Significant TGT rupture occurred to 54 pN TGT-Cy3
and 12 pN TGT-Cy5. The 54 pN TGT rupture appears in a streak pattern. All FAs are located on the streak tracks
of TGT rupture, demonstrating that clustered integrins in FAs transmit molecular tensions larger than 54 pN and
rupture the TGT with T,,;=54 pN (Fig. 1b and sFig. 1). FAs were visualized by immunostaining protein vinculin,
a protein commonly used to mark FA locations. FA formation also demonstrated that cells adhered stably on the
mTGT surface. In contrast to the streak pattern of 54 pN TGT rupture, the 12 pN TGT rupture is homogeneously
distributed across the cell-substrate interface without being restricted in FAs, demonstrating that integrins out-
side FAs also transmit tensions with a force level larger than 12 pN. The homogeneous TGT rupture is insignifi-
cant on 54 pN TGT-Cy3, suggesting that integrin tensions out of FAs have a force level lower than 54 pN. Weak
“bleed through” of 54 pN TGT rupture pattern was observed on 12 pN TGT image. This is reasonable because >
54 pN integrin tensions in FAs are able to rupture 12 pN TGT. These two types of integrin tensions are further
displayed in a merged image with green (12 pN TGT-Cy5) and magenta colors (54 pN TGT-Cy3) representing
the spatial distributions of integrin tensions in the ranges of 12 ~ 54 pN and >54 pN, respectively (Fig. 1b). It is
evident that two levels of integrin tensions have distinctly different spatial distributions with >54 pN tensions
restricted in FAs and 12 ~ 54 pN tensions located outside FAs. The similar rupture patterns of two TGTs were also
observed on an mT'GT surface plated with other cell-line (MTC cells, Medullary thyroid carcinoma cell-line) as
shown in sFig. 2. To rule out the possibility that the different patterns of fluorescence losses may be caused by the
nature of Cy3 and Cy5 dyes, we synthesized 12 pN TGT-Cy3 and 54 pN TGT-Cy5 with swapping the fluorophores
on the two sets of TGTs. TGT rupture patterns caused by cells on these two TGTs were acquired and compared to
the results based on 12 pN TGT-Cy5 and 54 pN TGT-Cy3. The results show that TGT rupture patterns are inde-
pendent of fluorophores and only determined by T, (sFig. 3). To rule out the possibility that the fluorescence loss
in TGT rupture pattern may be caused by proteases or nucleases released by cells which digest TGT or streptavi-
din, as previous research reported such nuclease activity under cells'’, we performed a control experiment by
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Figure 1. Integrin tensions outside focal adhesions (outside-FA integrin tensions) are confirmed and
measured by multiplex TGT (mTGT). TGT rupture caused by integrin tensions produces fluorescence loss
on the surface. The fluorescence loss in turn was used to map the spatial distributions of integrin molecular
tensions. (a) TGTs with T,;;= 12 and 54 pN were labeled with Cy5 and Cy3 and applied to simultaneous
mapping of integrin tensions at two levels (>12 and >54 pN) in adherent cells. (b) Phase contrast (PH)

and fluorescence imaging of CHO-K1 cells on the mTGT surface. Focal adhesions (FAs) are visualized by
vinculin immunostained with antibodies. 54 pN TGT rupture is in a streak pattern and 12 pN TGT rupture is
homogeneously distributed at the cell-matrix interface. All FAs are located on the 54 pN TGT rupture tracks as
shown in the merged image (FA and 54 pN TGT). The rupture patterns of 12 pN and 54 pN TGTs were merged
and displayed in green and magenta colors, respectively. Scale bar: 10 pm.

plating CHO-KI1 cells on a surface coated with 54 pN TGT without RGD{K conjugation. This RGDfK-null TGT
does not bind to integrins. The surface was also doped with RGDfK-biotin to support cell adhesion. After two
hour incubation, cells adhere normally but no fluorescence loss was observed on the RGDfK-null TGT surface
(sFig. 4), confirming that the fluorescence loss on regular TGT surfaces under CHO-KI1 cells was caused by inte-
grin tensions, not by nucleases or proteases.

Overall, mTGT simultaneouslly mapped integrin tensions at different level. We confirmed that the 54 pN TGT
rupture is caused by integrins in FAs, in consistency with the previous report that motile FAs in CHO-K1 cells
rupture 54 pN TGT?. The 12 ~54 pN integrin tension is clearly transmitted by integrins outside FAs and evenly
distributed on the cell-substrate interface. Our experiments provide direct evidence that a substantial portion of
integrin tensions exist outside FAs. To our knowledge, this is the first experiment visualizing outside-FA integrin
tensions and quantifying their tension level in cells.

Narrow down outside-FA integrin tension range withmTGT based on 12, 23, 33, 43 and 54 pNTGTs.
We determined that outside-FA integrin tensions are in the range of 12 ~ 54 pN. To further narrow down the
outside-FA integrin tension range and explore other possible tension levels with higher tension resolution, we
prepared two series of TGTs with T;, =12, 23, 33, 43 and 54 pN (TGT structures shown in sFig. 5) and each group
was labeled by Cy3 and Cy5 respectively. Note that intermediate Ty, values of 23, 33 and 43 pN, unlike 12 and 54
pN which were experimentally calibrated, were computed from dsDNA modeling and therefore the values are
model-dependent. These values were predicted by de Gennes model with parameters derived from calibrated
DNA shear force?. A recent improved model gives a new set of T, values of 16, 19 and 30 pN by taking exper-
imental temperature and time scale into consideration?”. Therefore, these intermediate T, values may deviate
from true values and should be considered nominal in this article. However, the monotonic increase of T, as
TGT geometry tuned from unzipping mode to shear mode should be unchanged.

First, we tested TGT rupture by cells on surfaces coated with singleplex TGTs. Because TGTs with T, =12,
23 or 33 pN do not support cell adhesion??, RGDfK-biotin was doped on all TGT surfaces to assist cell adhesion.
Streptavidin coated surfaces were incubated with a mixture solution of 0.1 pM TGT and 0.1 uM RGDfK-biotin for
30 min. CHO-KI1 cells adhered normally on all five TGT surfaces doped with RGDfK-biotin. TGT rupture pattern
is shown in sFig. 6. TGT rupture in both streak pattern (caused by integrins in FAs) and homogeneous pattern
(caused by outside-FA integrins) are visible on 12, 23, 33 and 43 pN TGT surfaces. Homogeneous TGT rupture
is less significant on 54 pN TGT surface. We quantified TGT rupture intensity caused by outside-FA integrins by
specifically selecting the homogeneous fluorescence loss regions and analyzing the percentage of fluorescence
loss in those regions. TGT rupture intensity caused by outside-FA integrins is 6.8% ~9.6% on 12 ~43 pN TGT
surfaces and it significantly decreases to 2.8% on 54 pN TGT surface, suggesting that the peak of outside-FA
integrin tension distribution is likely located in the range of 43 ~ 54 pN, or 30 ~ 54 pN if based on an improved
dsDNA dissociation model®”.

Next, we tested whether there exist other distinguishable levels of integrin tensions in the range of 12 ~ 54
pN. We examined the difference of TGT rupture patterns and rupture intensities between two multiplex TGTs
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Figure 2. Analysis of TGT rupture caused by outside-FA integrin tensions. (a) TGT rupture patterns on
a series of mT'GT surfaces consisting of TGTs with adjacent T, values in 12, 23, 33, 43 and 54 pN. Scale bar:
20 pm. (b) TGT rupture intensities on homogeneous fluorescence loss regions (active regions of outside-FA
integrins). Error bar represents standard error based on nine samples of cells.

selected from the pool of 12, 23, 33, 43 and 54 pN TGTs. The TGT rupture images on four mTGT surfaces
(12pN+23pN, 23pN + 33 pN, 33pN + 43pN and 43pN + 54pN, labeled by Cy5 and Cy3 respectively) are pre-
sented in Fig. 2a. TGT rupture images of other mTGT combinations are included in sFig. 7. The TGT rupture
intensities over the mTGT surface were analyzed and plotted in Fig. 2b. On the former three mTGT surfaces,
TGT rupture patterns and rupture intensities have no significant difference. On the surface coated with mTGT
of 43pN + 54pN, the TGT rupture intensity difference between two types of TGT caused by outside-FA integrin
tensions is significant (p value = 0.048), suggesting that outside-FA integrin tensions rupture 12 ~43 pN TGTs at
similar intensties but rupture much less 54 pN TGT. This result suggests that the majority of outside-FA integrin
tensions are located in the range of 43 ~ 54 pN. We did not observe significant difference between two TGTs on
other three mT'GT surfaces in terms of either tension level or spatial distribution (Fig. 2b). Therefore no other
distinguishable tension level was found by mTGT in the range of 12 ~43 pN.

Temporal activities of outside-FA and FA integrin tensions.  With mTGT, we revealed that outside-FA
integrin tensions coexist with FA integrin tensions in live cells. Next we monitored their temporal activities with a
time series of experiments. CHO-K1 cells were plated on six mTGT surfaces (multiplexing of T\,;= 12 pN and 54
pN) and TGT rupture were imaged after incubation times of 10 min, 20 min, 30 min, 1h, 2h and 4 h, respectively
(Fig. 3a). The results show that both 12 ~ 54 pN and >54 pN integrin tensions appeared as early as in 10 min after
cell plating. From 10 min to 4 hours after cell plating, the 12 pN TGT rupture was consistently homogeneous
underneath cells, indicating that 12 ~ 54 integrin tension was evenly distributed on the cell-substrate interface. 54
pN TGT rupture was distributed in the peripheral boundary of cells till 1 hours. At 2 and 4hours, the 54 pN TGT
rupture evolved to streak patterns as FAs are motile in CHO-K1 cells and rupture 54 pN TGT in their motion®.
We quantified the TGT rupture and plotted the rupture intensities versus incubation times (Fig. 3b). Both 12 and
54 pN TGT rupture intensities continuously increase by time, suggesting that both outside-FA integrin tensions
and integrin tensions in FAs are co-existing in cells. Even though FAs are generally formed in 1hour after cell
plating on our platform, outside-FA integrin tensions remain active in cells as the 12 pN TGT continued to be
ruptured up to 4 hours which is the maximum incubation time we tested. Therefore, the formation of FAs did not
eliminate the existence of outside-FA integrin tensions. The 12 pN and 54 pN TGT rupture intensities at each
incubation time are at comparable levels, suggesting that the intensities of integrin tensions inside and outside
FAs are also comparable. Therefore both types of integrin tensions should substantially contribute to the overall
cellular forces. Note that the precise ratio of force contributions from these two types of integrin tensions is not
equal to the ratio of TGT rupture intensities as TGT rupture efficiency by these integrin tensions are unknown. So
we are unable to quantify the exact ratio of the contributions to overall cellular forces by the two types of integrin
tensions. We also performed time-lapse imaging on an mTGT surface under one individual CHO-K1 cell. The
cell was initially incubated for 1 hour until FAs were formed. 25 min time-lapse imaging shows that both streak
rupture on 54 pN TGT and homogeneous rupture on 12 pN TGT consistently increased during the time-lapse
imaging, confirming that outside-FA integrin tensions are active even after FA formation and both inside-FA and
outside-FA integrin tensions coexist in cells during cell stable adhesion (sFig. 8).

SCIENTIFICREPORTS | 6:36959 | DOI: 10.1038/srep36959 4



www.nature.com/scientificreports/

d

10 min

20 min 30 min 1h 2h 4h Grayscale

<10 b

TGT rupture intensity (100%)

4 025 T T T T T
O 54pN TGTRupture
H 12pN TGTRupture
02
3.5
045
01 +
3
0.05 -
25 g

017 0.33 0.5 1 2 4
Incubation Time (hour)

Figure 3. Temporal activities of outside-FA and FA integrin tensions. (a) 54 pN and 12 pN TGT rupture
patterns were acquired in Cy3 and Cy5 imaging channels at a series of incubation times. Scale bar: 20 um.

(b) Both 54 pN and 12 pN rupture intensities increases by time. Error bar represents standard error based on
nine cell samples.

Dynamics of integrin tensions inside and outside FAs in response to various cell treatments.
We tested how dynamics of integrin tensions inside and outside FAs are affected by the treatments of blebbistatin
and cytochalasin D which are commonly used to influence bulk cellular forces (Fig. 4). CHO-K1 cells on the
mTGT surface coated with 12 and 54 pN TGTs were incubated for 2 hours in culture medium spiked with 25 pM
blebbistatin which inhibits motor protein myosin IT activity. TGT imaging shows that 54 pN TGT rupture inten-
sity was 12.6% in the control sample and 4.0% in blebbistatin treated sample (Fig. 4a,b). The difference is sig-
nificant with p value =0.0078. In contrast, 12 pN TGT rupture was 11.3% in the control sample and 9.5% in
blebbistatin treated sample without significant difference. Next we treated CHO-K1 cells on the mTGT surface
with 0.5pM cytochalasin D which disrupts actin polymerization. Under this treatment, 54 pN TGT rupture
intensity was 3.3% which is significantly lower than the control result (p value =0.0054) while 12 pN TGT rup-
ture was 8.9% without significant difference from the control test (Fig. 4c). These results suggest that FA integrin
tensions are highly sensitive to actin or myosin inhibitions, being consistent with the fact that actomyosin is the
tension source for cellular forces transmitted by FAs?®. However, actomyosin inhibition has much less influence
on outside-FA integrin tensions, suggesting that outside-FA integrin tensions may originate from a tension source
other than actomyosin. We also found that fetal bovine serum (FBS) addition in culture medium has strong influ-
ence on the activity of outside-FA integrin tensions (Fig. 4d). After cell incubation for 2 hours on mTGT surfaces,
12 pN TGT rupture by cells in serum-free medium is 3.5%, significantly lower than the 12 pN TGT rupture in
the control sample with 10% FBS addition (p value =0.0193), while the 54 pN TGT rupture has no significant
difference from the control result, indicating that FBS deprivation causes little activity change of FA integrin ten-
sions. This experiment demonstrated that FBS in culture medium upregulates the activity of outside-FA integrin
tensions for unclear reasons. It is possible that the hormones and growth factors in the FBS may stimulate cells to
exert outside-FA integrin tensions which in turn regulate normal cellular functions.

Integrin tension distribution with microtubule formation inhibited in cells. Microtubule is
one major component of cytoskeleton in mammalian cells. Its dynamics is important for cell migration and
division?**. Recent studies show that microtubule also regulates FA disassembly®!, suggesting that microtubule
may influence integrin tension distribution. Here we tested how microtubule disruption may change the dynam-
ics of integrin tensions in cells. CHO-KI1 cells in a culture flask were treated with 1M nocodazole which disrupts
microtubule formation®* for 4 hours. Then the cells were detached and plated on an mTGT surface, coated
with 12 pN and 54 pN TGTs in 1 pM nocodazole. After 2 hour incubation, cells adhered on the TGT surface but
appeared in round shapes. Imaging of 12 pN and 54 pN TGT rupture revealed that 54 pN TGT rupture patterns
by individual cells were all in ring shapes, indicating that >54 pN integrin tensions were concentrated in these
ring areas (Fig. 5a,b). These rings are localized at the peripheral boundary of cells. The width of the rings is meas-
ured to be 1.8 um in average as shown in Fig. 5¢,d (optical resolution of fluorescence imaging is 0.3 jum under the
imaging conditions used in this article). >54 pN integrin tensions were isotropically distributed in all directions
of the rings. This may correlate with the low polarity of cells under microtubule inhibition as microtubule can
induce and maintain cell polarity**. The outside-FA integrin tensions in the range of 12 ~ 54 pN are still homoge-
neously distributed under cells. TGT rupture analysis shows that 12 pN TGT rupture intensity (13.4%) is almost
twice of 54 pN TGT rupture intensity (7.3%) averaged over cell adhesion area, indicating a higher percentage of
outside-FA integrin tensions compared to normal cells. We concluded that microtubule inhibition significantly
changes the distribution of >54 pN integrin tension, but has less impact on the distribution of outside-FA inte-
grin tensions. The detailed mechanism for the spatial rearrangement of >54 pN integrin tensions is unclear and
awaits further explorations. Nonetheless, this experiment demonstrated that the dynamics of integrin tensions
are related to microtubule polymerization and mTGT is a powerful tool to monitor multiple levels of integrin
tensions in terms of both tension level and spatial distribution.
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Conclusions

We developed mTGT to co-map multiple levels of integrin tensions and explored the integrin tensions outside
FAs. mTGT overcomes the obstacle that the TGT required for measuring integrin tensions at a low level may
not support cell adhesion. On an mTGT surface, cells stably adhered with FA formation and integrin tensions
were simultaneously mapped at different levels. mTGT revealed that integrins outside FAs also transmit tensions
which were mainly located in the range of 43 ~ 54 pN. These outside-FA tensions are dispersedly distributed at
the cell-substrate interface and coexist with integrin tensions inside FAs. Both types of tensions substantially
contribute to the bulk cellular forces. As FAs have been viewed as the primary sites transmitting cellular forces®,
mTGT reveals new insights into integrin-transmitted cellular forces and provides a feasible approach for the study
of outside-FA integrin tensions.

Compared to other contemporary integrin tension sensors, mTGT has a broader tension detection range of
10~ 60 pN which covers the active range of integrin tensions. On an mTGT surface, tension signals represented
by TGT fluorescence loss are acquired in a time-integrative manner which increases signal intensity and improves
signal-to-noise ratio of the integrin tension map. This feature enables the observation of outside-FA integrin ten-
sions with a low surface density of tension. mTGT also provides a convenient platform to monitor the change of
integrin tension profile in response to drug treatments. We monitored integrin tensions in FAs and outside FAs
and found that they have different responses to the treatments of blebbistatin, cytochalasin D, nocodazole and
serum deprivation. mTGT can be potentially applied to the efficacy test of drugs that alter mechanical proper-
ties and mechano-sensing abilities of cells. For instance, metastatic and non-metastatic cancer cells might have
different cellular force characteristics as metastatic cancer cells adjust their mechanical properties to adapt to
the surrounding microenvironment®. This may lead to the different dynamics of integrin tensions from normal
cells. mTGT coated surfaces can be conveniently integrated with microfluidics and applied to chemical screening
to search for the drugs which correct the integrin tension profile in metastatic cells. Overall, mTGT provides a
convenient and robust platform to comprehensively monitor the spatial distribution and dynamics of integrin
tensions.
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Figure 5. Microtubule inhibition perturbs the distribution of integrin tensions. (a) Distribution of integrin
tensions in response to 1 uM nocodazole treatment. (b) Line profiles of 12 and 54 pN TGT rupture patterns,
marked by yellow lines in Fig. 5a. (c) Representative 54 ~ 100 pN integrin tension distribution in ring patterns.
(d) Line profile analysis on the ring patterns shows that the ring width is 1.8 pm in average.

Materials and Methods

TGT Synthesis. The TGT is built on dsDNA conjugated with RGDfK peptide ligand. Cyclic peptide RGDfK
targeting integrin aw3; was conjugated to single-stranded DNA at the 3’ end. The 5" end of the ssDNA is labe-
led with a fluorophore such as Cy3, Cy5 or Atto 488. This ssDNA conjugated with fluorophore and RGDfK is
annealed with the complementary ssDNA with a biotin tag which determines the tension tolerance of annealed
dsDNA. ssDNAs were purchased from Integrated DNA technologies, Inc. The sequence and modification of the
top strand are shown below:

5’-/5Cy3/GGC CCG CAG CGA CCA CCC/3ThioMC3-D/-3’

Cyclic peptide RGDfK-NH, (catalog #: PCI-3696-PI) was purchased from Peptides International, Inc. RGDfK
and the top strand were conjugated together through hetero-bifunctional crosslinker Sulfo-SMCC (22622,
Thermo Fisher Scientific Inc.). Sulfo-SMCC has maleimide and NHS ester groups on two ends which react with
the thiol group on thiol-modified DNA and amine on RGDfK, respectively. The ssDNA-RGDfK conjugate was
further purified by ethanol precipitation.
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Sequence and structure for 12 pN and 54 pN TGTs

12 pN TGT:

5/-/5Cy5/GGC CCG CAG CGA CCA CCC /RGDfK/-3'

3’-CCG GGC GTC GCT GGT GGG /Biotin/-5'

54 pN TGT:

5/-/5Cy3/GGC CCG CAG CGA CCA CCC /RGDfK/-3/

3’-/Biotin/CCG GGC GTC GCT GGT GGG-5'

The structures of TGTs with Ttol =23, 33 and 43 pN are shown in sFig. 5.

Preparation of mTGT Surfaces. All TGTs were immobilized on a glass surface through streptavidin-biotin
bonds. Glass bottom petridish (D35-14-1.5-N, In Vitro Scientific) was incubated with 1 mg/ml BSA-biotin
(Bovine serum albumin, A8549, Sigma-Aldrich) in PBS for 1 hour, and then the surface was washed by PBS
solution 3 times. BSA-biotin provides biotin tags for streptavidin coating and BSA also suppresses non-specific
cell adhesion. The surface was then incubated with 200 pg/ml streptavidin for 30 min. 12 pN TGT-Cy5 and 54
pN TGT-Cy3 or other combinations were mixed at concentration of 0.1 M and 0.1 uM, respectively. Multiplex
TGT solution was incubated on the streptavidin surface for 30 min at 4 °C. Finally, the surface was washed by
PBS for three times without drying. Cell solution was loaded on the TGT surface immediately after the washing
procedure.

Mapping integrin tensions on mTGT surfaces. CHO-KI cell culture. CHO-K1 cell was cultured with
F-12K Medium (Kaighh’s Modification of Ham’s F-12 Medium, Cat. No.30-2004), with 10% FBS, 1% streptomy-
cin/penicillin in a standard cell culture incubator with 5% CO, at 37 °C. The cells were passaged every three days
with a dilution of 1:30 and used at around 70 to 90% confluence prior to mTGT assays.

Cell seeding on mTGT surfaces. CHO-K1 cells were detached by EDTA solution [100mL 10 X HBSS + 10mL
1M HEPES (PH7.6) + 10 mL 7.5% sodium bicarbonate + 2.4 mL 500 mM EDTA +1L H,O] for 10 minutes, the
harvested cells was centrifuged at 300 g for 3 min and resuspended in F-12 K Medium with FBS at a seeding con-
centration of 10° cells/ml. After plating cells on mTGT surfaces, they were incubated in a cell culture incubator for
2hours or other appropriate times based on experimental design.

Observation of fluorescence loss due to TGT rupture caused by integrin forces. CHO-KI cells were plated and
incubated at 10%/ml density on 12 ~ 54 pN TGT surfaces at 37 °C and 5% CO, for 2hours or other required times.
The cell samples were then relocated onto a multi-channel fluorescent microscope (Nikon Ti E) enclosed in a
37°C thermal chamber. Images were acquired using 40 x objective. In some experiments, cells were fixed after
2hour incubation on mT'GT surface and immunostained with antibody against vinculin (FAK100, Millipore) and
secondary antibody (goat anti-mouse IgG labeled with FITC, AP124F, Millipore).

Quantification of TGT rupture. 'The TGT rupture marked by fluorescence loss under individual cells was quan-
tified by matlab. The grayscale fluorescent images of mT'GT surfaces were imported into matlab. Individual cell
regions were manually selected and the average fluorescence intensity (grayscale) in the cell region was calculated.
The percentage of fluorescence loss in these regions was computed using the equation:

Fluorescence loss ratio = (Isckground — Leel region)/ IBackgrouna> Where “I” stands for fluorescence intensity in the
grayscale images.

During the analysis of TGT rupture by FAs on 54 pN TGT surface, the entire cell regions were selected for the
fluorescence loss analysis. During the analysis of TGT rupture by outside-FA integrin tensions, only the homoge-
neous fluorescence loss regions underneath cells were selected.

References
1. Hynes, R. O. Integrins - Versatility, Modulation, and Signaling in Cell-Adhesion. Cell 69, 11-25 (1992).
2. Palazzo, A. E, Eng, C. H., Schlaepfer, D. D., Marcantonio, E. E. & Gundersen, G. G. Localized stabilization of microtubules by
integrin- and FAK-facilitated Rho signaling. Science 303, 836-839 (2004).
3. Menko, A. S. & Boettiger, D. Occupation of the Extracellular-Matrix Receptor, Integrin, Is a Control Point for Myogenic
Differentiation. Cell 51, 51-57 (1987).
4. Chicurel, M. E., Chen, C. S. & Ingber, D. E. Cellular control lies in the balance of forces. Curr Opin Cell Biol 10, 232-239 (1998).
5. Balaban, N. Q. et al. Force and focal adhesion assembly: a close relationship studied using elastic micropatterned substrates. Nat Cell
Biol 3,466-472 (2001).
6. Geiger, B., Spatz, J. P. & Bershadsky, A. D. Environmental sensing through focal adhesions. Nat Rev Mol Cell Bio 10, 21-33 (2009).
7. Harris, A. K., Wild, P. & Stopak, D. Silicone rubber substrata: a new wrinkle in the study of cell locomotion. Science 208, 177-179
(1980).
8. Legant, W. R. et al. Measurement of mechanical tractions exerted by cells in three-dimensional matrices. Nat Methods 7, 969-U113
(2010).
9. Sabass, B., Gardel, M. L., Waterman, C. M. & Schwarz, U. S. High resolution traction force microscopy based on experimental and
computational advances. Biophys ] 94, 207-220 (2008).
10. Kanchanawong, P. et al. Nanoscale architecture of integrin-based cell adhesions. Nature 468, 580-U262 (2010).
11. Gallant, N. D., Michael, K. E. & Garcia, A. J. Cell adhesion strengthening: Contributions of adhesive area, integrin binding, and focal
adhesion assembly. Mol Biol Cell 16, 4329-4340 (2005).
12. Bershadsky, A. D., Balaban, N. Q. & Geiger, B. Adhesion-dependent cell mechanosensitivity. Annual Review of Cell and
Developmental Biology 19, 677-695 (2003).
13. Grashoff, C. et al. Measuring mechanical tension across vinculin reveals regulation of focal adhesion dynamics. Nature 466, 263—
U143 (2010).
14. Stabley, D. R., Jurchenko, C., Marshall, S. S. & Salaita, K. S. Visualizing mechanical tension across membrane receptors with a
fluorescent sensor. Nat Methods 9, 64-U172 (2012).

SCIENTIFICREPORTS | 6:36959 | DOI: 10.1038/srep36959 8



www.nature.com/scientificreports/

15. Morimatsu, M., Mekhdjian, A. H., Adhikari, A. S. & Dunn, A. R. Molecular Tension Sensors Report Forces Generated by Single
Integrin Molecules in Living Cells. Nano Lett 13, 3985-3989 (2013).

16. Blakely, B. L. et al. A DNA-based molecular probe for optically reporting cellular traction forces. Nat Methods 11, 1229-1232 (2014).

17. Zhang, Y., Ge, C. H., Zhu, C. & Salaita, K. DNA-based digital tension probes reveal integrin forces during early cell adhesion. Nat
Commun 5 (2014).

18. Chang, Y. et al. A General Approach for Generating Fluorescent Probes to Visualize Piconewton Forces at the Cell Surface. ] Am
Chem Soc 138, 2901-2904 (2016).

19. Liu, Y. et al. Nanoparticle Tension Probes Patterned at the Nanoscale: Impact of Integrin Clustering on Force Transmission. Nano
Lett 14, 5539-5546 (2014).

20. Wang, X. E. et al. Integrin Molecular Tension within Motile Focal Adhesions. Biophys ] 109, 2259-2267 (2015).

21. Galior, K., Liu, Y., Yehl, K., Vivek, S. & Salaita, K. Titin-Based Nanoparticle Tension Sensors Map High-Magnitude Integrin Forces
within Focal Adhesions. Nano Lett 16, 341-348 (2016).

22. Wang, X. F. & Ha, T. Defining Single Molecular Forces Required to Activate Integrin and Notch Signaling. Science 340, 991-994
(2013).

23. Hatch, K., Danilowicz, C., Coljee, V. & Prentiss, M. Demonstration that the shear force required to separate short double-stranded
DNA does not increase significantly with sequence length for sequences longer than 25 base pairs. Phys Rev E 78 (2008).

24. Cocco, S., Monasson, R. & Marko, J. . Force and kinetic barriers to unzipping of the DNA double helix. P Nat! Acad Sci USA 98,
8608-8613 (2001).

25. Haubner, R. et al. Structural and functional aspects of RGD-containing cyclic pentapeptides as highly potent and selective integrin
alpha (v) beta (3) antagonists. ] Am Chem Soc 118, 7461-7472 (1996).

26. Mondal, G., Barui, S. & Chaudhuri, A. The relationship between the cyclic-RGDfK ligand and alpha v beta 3 integrin receptor.
Biomaterials 34, 6249-6260 (2013).

27. Mosayebi, M., Louis, A. A., Doye, J. P. K. & Ouldridge, T. E. Force-Induced Rupture of a DNA Duplex: From Fundamentals to Force
Sensors. Acs Nano 9, 11993-12003 (2015).

28. Parsons, J. T., Horwitz, A. R. & Schwartz, M. A. Cell adhesion: integrating cytoskeletal dynamics and cellular tension. Nat Rev Mol
Cell Bio 11, 633-643 (2010).

29. Etienne-Manneville, S. Microtubules in Cell Migration. Annu Rev Cell Dev Bi 29, 471-499 (2013).

30. Sharp, D.J., Rogers, G. C. & Scholey, J. M. Microtubule motors in mitosis. Nature 407, 41-47 (2000).

31. Ezratty, E. ], Partridge, M. A. & Gundersen, G. G. Microtubule-induced focal adhesion disassembly is mediated by dynamin and
focal adhesion kinase. Nat Cell Biol 7, 581-U515 (2005).

32. Vasquez, R. J., Howell, B., Yvon, A. M. C., Wadsworth, P. & Cassimeris, L. Nanomolar concentrations of nocodazole alter
microtubule dynamic instability in vivo and in vitro. Mol Biol Cell 8, 973-985 (1997).

33. Samson, E, Donoso, J. A., Hellerbettinger, I., Watson, D. & Himes, R. H. Nocodazole Action on Tubulin Assembly, Axonal
Ultrastructure and Fast Axoplasmic-Transport. ] Pharmacol Exp Ther 208, 411-417 (1979).

34. Siegrist, S. E. & Doe, C. Q. Microtubule-induced cortical cell polarity. Gene Dev 21, 483-496 (2007).

35. Taherian, A, Li, X. L., Liu, Y. Q. & Haas, T. A. Differences in integrin expression and signaling within human breast cancer cells. Bmc
Cancer 11 (2011).

Acknowledgements
We thank Dr. Ian Schneider for offering us the MTC cell-line, and Dr. Anwesha Sarkar for proofreading the
manuscript.

Author Contributions
X.W. and Y.W. conceived the idea. Y. W. and X.W. designed the experiments, acquired and analyzed the data. X.W.
and Y.W. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Wang, Y. and Wang, X. Integrins outside focal adhesions transmit tensions during
stable cell adhesion. Sci. Rep. 6, 36959; doi: 10.1038/srep36959 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
o o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:36959 | DOI: 10.1038/srep36959 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Integrins outside focal adhesions transmit tensions during stable cell adhesion
	Introduction
	Results and Discussion
	Multiplex TGT simultaneously maps integrin tensions at multiple levels
	Narrow down outside-FA integrin tension range with mTGT based on 12, 23, 33, 43 and 54 pN TGTs
	Temporal activities of outside-FA and FA integrin tensions
	Dynamics of integrin tensions inside and outside FAs in response to various cell treatments
	Integrin tension distribution with microtubule formation inhibited in cells

	Conclusions
	Materials and Methods
	TGT Synthesis
	Preparation of mTGT Surfaces
	Mapping integrin tensions on mTGT surfaces
	CHO-K1 cell culture
	Cell seeding on mTGT surfaces
	Observation of fluorescence loss due to TGT rupture caused by integrin forces
	Quantification of TGT rupture


	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Integrins outside focal adhesions transmit tensions during stable cell adhesion
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36959
            
         
          
             
                Yongliang Wang
                Xuefeng Wang
            
         
          doi:10.1038/srep36959
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep36959
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep36959
            
         
      
       
          
          
          
             
                doi:10.1038/srep36959
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36959
            
         
          
          
      
       
       
          True
      
   




