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SUMMARY

Cells are physically contacting with each other. Direct and precise quantification of forces at
cell-cell junctions is still challenging. Herein, we have developed a DNA-based ratiometric
fluorescent probe, termed DNAMeter, to quantify intercellular tensile forces. These lipid-
modified DNAMeters can spontaneously anchor onto live cell membranes. The DNAMeter
consists of two self-assembled DNA hairpins of different force tolerance. Once the intercellular
tension exceeds the force tolerance to unfold a DNA hairpin, a specific fluorescence signal will
be activated, which enables the real-time imaging and quantification of tensile forces. Using E-
cadherin-modified DNAMeter as an example, we have demonstrated an approach to quantify, at
the molecular level, the magnitude and distribution of E-cadherin tension among epithelial cells.
Compatible with readily accessible fluorescence microscopes, these easy-to-use DNA tension

probes can be broadly used to quantify mechanotransduction in collective cell behaviors.
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INTRODUCTION

Intercellular mechanical forces, especially tensile forces, play important roles in development,
tissue healing and cancer invasion®3. These tensile forces at cell—cell junctions actively
reshape the tissues during morphogenesis in embryos, and are also evident in quiescent adult
tissues*®, especially epithelial and endothelial monolayers’8. Cadherins constitute a
superfamily of cell-cell adhesion molecules that are expressed in various types of cells®. It is
known that cadherins can sense and mediate tensile forces at cell-cell junctions!?, which are
required for several cellular functions and the organizations of soft tissues'?!4. These
intercellular cadherin-mediated forces are shown to regulate cellular homeostasis and collective
migration during embryo development, wound healing, and pulmonary system homeostasis®17,
Elucidating the mechanisms of force sensing and transduction in cadherins is therefore critical
for revealing the fundamental principles in the collective organizations and motions of a cell
population®®, While single cell studies clearly revealed the force-sensing capability of
cadherin molecules, mapping the spatiotemporal dynamics of their forces in situ require precise,
real-time measurement of tension at cell-cell junctions?®-22,

Generally, two strategies are currently available to estimate intercellular forces.
Monolayer stress microscopy utilizes cell-matrix traction force data to deduce mechanical
forces at cell—cell junctions, with the assumption that total forces experienced by each cell
remain zero?3. Traction force microscopy has been used to elucidate the relationships between
the total cellular forces on extracellular matrix and the endogenous intercellular forces®.
However, these methods can only be applied to a monolayer of cells. It requires extensive
image analysis and data processing. Moreover, the force deduced is not specific for certain
junctional molecules. Similarly, intercellular forces between a pair of cells have been measured
by microfabricated cantilever pillars!®. However, in addition to the above-mentioned drawbacks,
these cantilever pillars can only measure forces between a pair of cells, one at a time, and

require advanced microfabrication facilities.
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In another strategy, genetically encoded protein-based tension probes have been
developed to measure intercellular forces mediated by cadherins or platelet endothelial cell
adhesion molecule®?+%, However, the routine use of these sensors is still limited due to their
labor-intensive design and validation. The functions of many junctional proteins will be
disrupted after insertion of a large protein sensor (~500 amino acids). The small force
measurement range (1-12 pN) and low sensitivity of fluorescence signals of these probes (~10-
fold lower than sensors using common organic dyes)?’ further hinders the widespread
applications of these genetically encoded probes.

We have recently developed a DNA-based probe to visualize intercellular tensile forces
at cell-cell junctions?. In this system, a pair of cholesterol anchors was used to insert this DNA
hairpin-based probe onto live cell membranes?>%. Once the intercellular tensile force exceeds
the threshold value to unfold the DNA hairpin, the separation of a fluorophore-quencher pair
results in the activation of fluorescence signals. These DNA probes are well suited for
intercellular force measurement. First, the probes function simply by incubation with target cells.
There is no need for cloning or transfection. Secondly, different mechanosensitive ligands or
receptors can be directly conjugated within these DNA probes, which allows the facile study of
specific junctional molecule-mediated force transduction. Thirdly, by tuning the sequence and
duplex length of the DNA hairpin, the force tolerance of the probe can be rationally adjusted in a
large range®!3, Moreover, a broad choice of organic fluorophores and quenchers allows highly
sensitive imaging of tensile forces.

However, these DNA tension probes still have several limitations. For example, to
guantify the intercellular forces, the heterogeneous membrane distribution of the probes should
be first normalized. Moreover, each DNA hairpin unfolds in a narrow threshold force range (z 2
pN)3*, multiple probes of different threshold values are needed to measure a broad range of
intercellular forces. In addition, many collective cell behavior studies require a long-term
measurement of intercellular forces!’3>’. However, these DNA probes have a limited
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anchoring persistence on the cell membranes (~ 2—4 h). To overcome these limitations, in this
study we have developed a second-generation DNA-based membrane tension ratiometric probe,
termed DNAMeter.

The DNAMeter was designed to be highly adaptable, consisting of two self-assembled
DNA hairpins with different threshold forces and a lipid tail to anchor onto live cell membranes
(Fig. 1). To quantify the intercellular tension based on the fluorescence signal, an internal
reference fluorophore was introduced to normalize the membrane distribution of the DNAMeter.
In addition, two orthogonal fluorophore-quencher pairs were conjugated at the end of each DNA
hairpin to report different magnitudes of forces. By measuring each reporter-to-reference
fluorescence intensity ratio, molecular scale intercellular force distributions can be quantified at
cell—cell junctions. Using E-cadherin-mediated intercellular tension as an example, we
demonstrated here a simple and general approach to quantify mechanical characteristics of

collective cell behaviors.

RESULTS AND DISCUSSION

Design and characterization of the DNAMeter. The DNAMeter is designed based on the self-
assembly of four oligonucleotide strands (Fig. 1b and Table S1). Two of the strands contain a
25-nucleotide-long DNA hairpin with 22% and 66% G/C base pairs to detect weak and strong
tensile force, respectively. As an internal reference, a TAMRA dye (Aex/Aem: 557/579 nm,
denoted as Y) was modified at one end of the 66%GC DNA hairpin strand. To detect the
folding/unfolding switch of the 66%GC DNA hairpin, a Cy5-QSY®21 fluorophore-quencher pair
(Aex/Aem: 640/659 nm, denoted as R-Qr) was conjugated next to the end of this hairpin. Similarly,
a FAM-Dabcyl fluorophore-quencher pair (Aex/Aem: 488/519 nm, denoted as G-Qg) was used to
measure the folding/unfolding of the 22%GC DNA hairpin. After calculating the unfolding free
energy of hairpin at zero force and the free energy of stretching the corresponding single
stranded DNA3234, based on a worm-like chain model*®3°, we have determined the tensile force
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threshold (F1) of the 22%GC and 66%GC DNA hairpin to be 4.4 pN and 8.1 pN, respectively
(Methods and Table S2). Here, Fi; is defined as the force at which the DNA hairpin has 50%
probability of being unfolded.

When experiencing a weak tensile force (<4.4 pN), both FAM-Dabcyl and Cy5-QSY®21
pairs remain at close proximity, resulting in low fluorescence level in both reporter channels
(denoted as G-/R-). In contrast, a strong tensile force (>8.1 pN) results in the stretching out of
both 22%GC and 66%GC hairpins. Both fluorophores will separate from the corresponding
guencher, leading to an increase in both FAM and Cy5 fluorescence signal (denoted as G+/R+).
In another case, a medium tensile force (4.4—-8.1 pN) opens up the 22%GC hairpin, but not the
66%GC hairpin, so only the FAM signal will be activated (denoted as G+/R-). As a result, we
can image different ranges of tensile forces based on the two reporter channels.

To test the efficiency of this probe design, we prepared an E-cadherin-modified
DNAMeter (termed EC-DNAMeter) to quantify E-cadherin-mediated intercellular tensile forces at
the Madin-Darby canine kidney (MDCK) epithelial cell-cell junctions. The EC-DNAMeter was
prepared using a Protein G linker to couple the IgG/Fc-fused E-cadherin with the DNAMeter
(Methods). Compared with direct chemical conjugation, the Protein G linker helps to avoid the
loss of E-cadherin activities?®4°. In addition, to allow the probe to insert onto MDCK cell
membranes, a cholesterol anchor was conjugated at the other end of the DNAMeter.

After demonstrating the formation of the DNAMeter in a gel mobility shift assay (Fig. S1),
the cell membrane insertion efficiency of the DNAMeter was studied. Here, we prepared a non-
guenched DNAMeter (ngDNAMeter) by using DNA strands that are not modified with Dabcyl or
QSY®21 quencher. The fluorescence of the ngDNAMeter is always on and is independent of
intercellular forces. As a result, the cell membrane fluorescence intensity can be used to
indicate the concentration of the immobilized probes. Indeed, obvious fluorescence signal on

MDCK cell membranes was shown shortly after adding these ngDNAMeter probes (Fig. S2).
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We have further studied the membrane anchoring efficiency of the DNAMeter containing
one or two cholesterol tail. Interestingly, one cholesterol-modified ngDNAMeter (1Chol-
ngDNAMeter) exhibited higher insertion efficiency (2.1-fold) on MDCK cell membranes than the
more hydrophobic two cholesterol-modified one (2Chol-ngDNAMeter) (Fig. S2). This might be
due to the relatively larger critical micelle concentration value of the 1Chol-ngDNAMeter as
compared to 2Chol-ngDNAMeter*!. As a result, more monomeric ngDNAMeter could exist in
the solution when one cholesterol was anchored. Indeed, our recent data indicated that the cell
membrane anchoring of the lipid-DNA conjugates stems mainly from the monomeric form,
instead of the aggregation form®. Previous studies have suggested that ~100 pN tensile force
is required to extract a cholesterol from lipid bilayers*?. As a result, the membrane insertion of
the cholesterol should be quite stable during the unfolding of DNA hairpins (4.4 pN and 8.1 pN).
Unless specifically indicated, one cholesterol-based construct was used for the following studies.

One potential concern of the DNAMeter probe is that it may be activated by the cis
receptor-ligand interactions on the same cell membrane, rather than between neighboring
cells. To study if these DNA probes prefer to “stand” (favoring trans interactions) or “lie down”
(favoring cis interactions) on membrane surfaces, we performed atomistic molecular dynamics
simulation in a DNAMeter/lipid bilayer membrane system (Supplementary Note 1). Our
simulation results indicated that the tilting angle (8) of the DNAMeter with respect to the
membrane surface is always within 30° (see Fig. S3). Indeed, these membrane-anchored DNA
probes prefer to “stand” (6< 30°) on the membrane surface and favor the sensing
of trans interactions between cells. The reason for DNA probes to maintain such orientation is
likely attributed to the electrostatic repulsion between DNA strands and cell membranes, which
are both negatively charged.

We next asked if we could distinguish the unfolding and the folding state of DNA hairpins
based on their fluorescence intensities. To determine the fluorescence of the unfolded
DNAMeter, we prepared a de-quenched probe (dgDNAMeter) by incubating the DNAMeter with
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DNA strands that are complementary to the 22%GC and 66%GC hairpins, respectively (Fig. S4).
Based on the fluorescence intensity ratio between the DNAMeter and dgDNAMeter, in the
absence of external forces, the quenching efficiency for Cy5 and FAM in the DNAMeter was
measured to be 81% and 70%, respectively (Fig. 2a and 2b). Meanwhile, the DNAMeter and
dgDNAMeter exhibited the same TAMRA fluorescence intensity, which can act as a standard
reference to normalize probe concentrations (Fig. 2c). In addition, after incubating 1 pM
DNAMeter or dgDNAMeter with MDCK cells for 30 min, similarly, almost the same TAMRA
fluorescence was observed. In contrast, 6.7-fold and 3.1-fold activation of Cy5 and FAM
fluorescence exhibited after the unfolding of DNA hairpins (Fig. S5). These results indicate that
the folding and unfolding of 22%GC and 66%GC hairpins indeed can be visualized based on

changes in the fluorescence intensity.

Calibration of the DNAMeter on supported lipid monolayers. We next asked if we could
further quantify the percentage of unfolded DNA hairpins based on the fluorescence intensities.
For this purpose, we prepared a supported lipid monolayer system using soybean polar
extract®®. Cholesterol-modified DNAMeter can anchor into this monolayer and diffuse freely?°.
By mixing the soybean polar extract with different amount of DNA probes, we can precisely
control the membrane density of the DNAMeter on lipid monolayers. After preparing a series of
monolayers with different probe densities, we measured the corresponding membrane
fluorescence intensity with a spinning disk confocal fluorescence microscope. The same setup
and parameters of the microscope was used for the following cellular measurements as well.
The obtained fluorescence intensities were then plotted as a function of probe densities
for the calibration. A linear correlation between the fluorescence intensity and the DNAMeter
concentration was observed for all the fluorophores, including FAM (G), Cy5 (R), and TAMRA
(Y) (Fig. 2d and 2e). Similarly, a linear correlation was observed with all these fluorophores in
the dgDNAMeter as well (Fig. 2d and 2e). After subtracting the background fluorescence for
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each channel, the fluorescence intensity ratio of both FAM/TAMRA (G/Y) and Cy5/TAMRA (R/Y)
is independent on the probe concentration due to the linear correlation between the probe
density and fluorescence (Fig. 2d). Such concentration-independent G/Y and R/Y ratio was
observed with both the DNAMeter and dgDNAMeter, while the dgDNAMeter exhibited a 4.0-fold
and 8.3-fold higher intensity ratio. The G/Y and R/Y ratio can thus be used to quantify the
membrane dgDNAMeter-to-DNAMeter probe density ratio, as well as the percentage of
unfolded 22%GC and 66%GC DNA hairpins, respectively.

Our next goal is to validate if the G/Y and R/Y ratio can be used to quantify the
percentage of unfolded DNA hairpins. We prepared mixtures of dgDNAMeter and DNAMeter,
with a ratio of 0:1, 0.5:0.5, and 1:0. Indeed, both G/Y and R/Y ratio are linearly correlated with
the percentage of the unfolded dgDNAMeter (Fig. 2e). We have also tested if the G/Y and R/Y
ratio can orthogonally report the unfolding of 22%GC and 66%GC DNA hairpins, respectively.
By adding only a complementary DNA strand to either 22%GC or 66%GC DNA hairpin, we
prepared de-quenched DNAMeter with only one hairpin being unfolded. After mixing different
ratios of these two partially unfolded DNAMeter, indeed, the FAM and Cy5 signal can be used to
guantify the amount of unfolded 22%GC or 66%GC DNA hairpin, without interfering with each
other (Fig. 2f). All these results indicated that we could quantify the unfolding of DNA hairpins in
the DNAMeter by measuring the G/Y and R/Y ratio. Based on the standard calibration curve
(Fig. 2d), we can also use the TAMRA fluorescence to quantify the number of probes per
individual pixel of images. As a result, we can quantitatively determine not only the percentage,

but also the number of unfolded DNA hairpins from the images (Fig. 29).

Imaging and quantification of E-cadherin-mediated tensile forces. Before imaging
intercellular forces, we wondered if the addition of DNAMeter would impair the adhesion and
mechanical function of cell-cell junctions. We first studied the effect of membrane-anchored
EC-DNAMeter on the force-dependent recruitment of vinculin to the adherens junctions®°’,
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Immunofluorescence staining was used to image the cellular locations of vinculin in MDCK cells
before and after adding the DNAMeter. MDCK cells have been widely used as a model cell line
to study E-cadherin-mediated tensile forces**. No significant difference in the junction vinculin
fluorescence was observed (Fig. S6). We have also used western blot to study the effect of
DNAMeter on the membrane expression of another critical cell—cell adhesion protein, B-
catenin®®%°, Again, the amount of B-catenin in MDCK cell membranes was quite similar in the
presence or absence of EC-DNAMeter anchoring (Fig. S6). As a result, the addition of
DNAMeter will not influence the mechanotransduction at cell—cell junctions.

We next applied the EC-DNAMeter to image E-cadherin-mediated intercellular tensile
forces at MDCK cell—cell junctions. After incubating the pre-assembled EC-DNAMeter with
MDCK cells for 1 h, the cell membrane fluorescence signal of FAM (Aex/Aem: 488/530 nm),
TAMRA (Aex/Aem: 561/590 nm), and Cy5 (Aex/Aem: 640/675 nm) were imaged with a spinning disk
confocal microscope (Fig. 3a). Here, we denoted the fluorescence of FAM, TAMRA, and Cy5
as G, Y, and R, respectively. For a given DNAMeter-madified cell membrane (Y+), the weak
(<4.4 pN), medium (4.4-8.1pN), and strong (>8.1 pN) E-cadherin-mediated intercellular tensile
forces can be visualized based on the fluorescence distribution of G-/R-, G+/R-, and G+/R+,
respectively. A large number of G+/R- and some G+/R+ pixels were clearly observed at MDCK
cell—cell junctions (Fig. 3a). To test if the fluorescence activation is indeed mediated by E-
cadherin interactions, we prepared a control DNAMeter without the modification of E-cadherin,
denoted as ProG-DNAMeter. As expected, limited FAM and Cy5 fluorescence was observed,
while the TAMRA fluorescence was similar as that of the EC-DNAMeter. These results
indicated that we could visualize E-cadherin-mediated tensile forces using the EC-DNAMeter.

We next asked if we could quantify the distribution of different magnitudes of tensile
forces at cell—cell junctions. Here, we quantified the force distribution by either the number of
bright pixels or the number of unfolded DNA probes. To calculate the number or percentage of
pixels considering as G+ or R+, we first measured the membrane statistical fluorescence
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distribution of the negative control, the ProG-DNAMeter (Fig. 2e). A threshold value of G/Y> 1.0
and R/Y> 0.24 was determined to distinguish the pixels experiencing tensile forces above 4.4
pN and 8.1 pN, respectively. After counting the total number of probe-immobilized pixels (Y+) at
cell-cell junctions, we quantified the percentage of junction pixels experiencing the tensile
forces (Fig. 3b). For example, at a representative cell—cell junction (Fig. 3a), the weak (<4.4
pN), medium (4.4-8.1pN), and strong (>8.1 pN) tension was present in ~60.4%, 30.0%, and 9.6%
membrane areas, respectively. We have further calculated these distributions at another 20
cell-cell junctions. On average, under the studied condition when MDCK cells were stably
adhered to each other, the fraction of pixels experiencing the weak, medium, and strong tension
was 58.5+12.3%, 27.1+11.5% and 14.4+4.2%, respectively (Fig. 3d and Table S3).

The second approach to quantify the force distributions is based on the number and
percentage of the unfolded EC-DNAMeter. As mentioned above, the percentage of unfolded
22%GC and 66%GC DNA hairpin in each pixel can be calculated by measuring the G/Y and
R/Y ratio (Fig. 2g). The number of unfolded probes can then be quantified based on the
TAMRA fluorescence and the standard calibration curve (Fig. 2f). Our data indicated that
13.2+3.1% and 6.4+2.4% EC-DNAMeter probe was unfolded by 4.4-8.1 pN and >8.1 pN
tension, respectively, while 80.4+3.9% probe remained folded (Methods, Fig. 3b and 3c). As a
control, unfolding of the ProG-DNAMeter was negligible (Fig. 39).

When comparing the obtained data from two approaches, we found that by measuring
the percentage of unfolded DNA probes, force distributions at different cell—cell junctions were
more homogeneous (Fig. 3d and 3f). Considering these MDCK cells were experiencing similar
physical environment and cell-cell adhesions, it may be more accurate to determine force
distributions by measuring the percentage of unfolded probes rather than that of bright pixels.
Even though the percentage of bright pixels is easier to be quantified, the accuracy of this
approach is influenced by the choice of threshold values, e.g., G/Y> 1.0 and R/Y> 0.24 in this
case. Meanwhile, even in pixels that are brighter than the threshold value, many DNAMeters
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can be still in the folded form. In contrast, the percentage of unfolded DNA hairpins can more

accurately report, at the molecular level, the force distributions experienced by the DNAMeter.

Dynamics of E-cadherin-mediated tension. To validate if the EC-DNAMeter indeed
measured E-cadherin-mediated tensile forces, we have further studied the effect of ethylene
glycol-bis (B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA) treatment on MDCK cell
adhesions. E-cadherin interactions are gated by extracellular Ca?* ions that can rigidify the
extracellular domains of cadherins and promote cadherin—cadherin junctional interactions®. As
a selective Ca?* chelating agent, EGTA can disrupt E-cadherin interactions at cell—cell
junctions?®. Indeed, after the insertion of the EC-DNAMeter onto MDCK cell membranes, the
addition of EGTA triggered a rapid and substantial loss of the fluorescence signal, accompanied
with cell dissociations (Fig. 4a and S7).

We next asked if the EC-DNAMeter could be used to monitor the dynamic variations of
E-cadherin-mediated intercellular tension after the EGTA treatment. Indeed, at a representative
cell—cell junction, within 20 min after adding 10 mM EGTA, the percentage of medium tension
(4.4-8.1 pN) gradually decreased from 5.0% to 1.5%, and meanwhile large tension (>8.1 pN)
dropped from 10.4% to 2.1% (Fig. 4a and 4b). Further quantification of more cell-cell junctions
confirmed that the EC-DNAMeter could be used to measure the dynamics of intercellular E-
cadherin tension. Interestingly, a linear decrease in the number of membrane probes
experiencing medium or large tensile forces (>4.4 pN) was observed after adding EGTA, with a
rate constant ~53 um=2 min (Fig. 4c). In a control experiment, a constant unfolding percentage
of the ProG-DNAMeter (~1.1%) was shown before and after adding EGTA (Fig. 4d, S8, and S9).

As another example, we applied the EC-DNAMeter to monitor the ML-7-induced
changes in the E-cadherin tension. ML-7 can inhibit the activity of myosin light chain kinase and
impair the ability of cells to concentrate E-cadherin at cell—cell junctions®. As expected, the
treatment of ML-7 induced a gradual decrease in the G/Y and R/Y ratio at MDCK cell—cell
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junctions (Fig. S10). For example, at a representative junction, after adding 100 uM ML-7, the
percentage of large tension (>8.1 pN) gradually decreased within 20 min from 6.3% to 0.5%,

and meanwhile medium tension (4.4-8.1 pN) dropped from 10.2% to 0.5% (Fig. S10). The
statistical analysis of more cell—cell junctions further confirmed this observation (Fig. S11). In
contrast, the control probe, ProG-DNAMeter, displayed a constant unfolding percentage at ~0.8%
(Fig. S10 and S11). Indeed, the EC-DNAMeter can be used to study the dynamic E-cadherin

tensions at cell-cell junctions.

Force mapping during collective cell migration. Cooperative intercellular forces drive
cellular motions and play vital roles in collective cell migration?*4’. We asked if the DNAMeter
could be used to quantify intercellular tensions during collective migration of an epithelial
monolayer. Epithelial migration occurs on a time scale of hours-to-days. We first wondered if
the DNAMeter allows long-term force measurement. For the sake of simplicity, we prepared a
non-quenched EC-DNAMeter containing only a 22%GC DNA hairpin (ngEC22-DNAMeter).
After incubating this ngEC22-DNAMeter with a confluent MDCK cell monolayer for 1 h, the
probe persistence on the cell membrane was studied. Our results indicated that in a complete
growth medium, the cell membrane fluorescence would completely disappear within 3 h (Fig.
S12). Since the growth medium is needed for collective epithelial migrations, the DNAMeter
cannot be directly used for the force mapping.

To achieve a long-term force measurement, we asked if the cell membrane probe
density could be recovered by simply adding fresh DNAMeter. To test that, we first anchored
0.2 uM ngEC22-DNAMeter onto MDCK cell membrane in HEPES-buffered saline, followed by
replacing with complete growth medium. After 3 h incubation, almost no fluorescence was
observed on the cell membrane. By further replacing the growth medium with buffer containing
0.2 uM of fresh ngeC22-DNAMeter, again, strong fluorescence and a similar level of membrane
probe density (95.6+4.5%) was observed at cell-cell junctions (Fig. S13). Moreover, this loss-
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and-regain of cell membrane probes can be repeated for at least 5 cycles without significant
reduction in the efficiency (Fig. S13 and S14). As a result, the DNAMeter can now be used to
study long-term cellular events.

Finally, we applied the EC22-DNAMeter to measure intercellular E-cadherin tensions
during collective epithelial migrations. A slab of polydimethylsiloxane (PDMS) was pre-attached
onto a substrate, and then a confluent MDCK cell monolayer was formed adjacent to the PDMS
slab®. The interface between the monolayer and PDMS was defined as the initial edge. After
the removal of the PDMS slab, the exposed free space triggers the migration of the cell sheet,
emulating the wound healing process. After the initial force mapping with the EC22-DNAMeter,
we replaced the HEPES-buffered saline with the complete cell growth medium. Following
another 12 h of cell growth and migration, fresh EC22-DNAMeter was added to measure
intercellular E-cadherin tensions (Fig. 5a and Fig. S15). Before removing the PDMS slab,
intercellular forces mediated by E-cadherin were rarely observed within the cell sheet (Fig. 5b).
After allowing the cell sheet to migrate for 12 h, interestingly, junctional pixels of high G/Y ratio
were clearly observed in the regions ~15 cell lengths from the leading edge of migration (Fig.
5b). We have further quantified the correlation between the number of pixels experiencing >4.4
pN forces and their distance to the leading edge (Methods, Fig. S16 and Fig. 5¢). As the
distance increased, the percentage of E-cadherins undergoing intercellular tensions also linearly
increased. In comparison, negligible forces were observed throughout the imaging zone before
removing the PDMS (Fig. 5¢). Overall, these observations are in good agreement with some

previous studies on the global force distributions during this process!’36-61,

CONCLUSIONS

In this study, we have developed a DNA-based probe to quantify, at the molecular level, E-
cadherin-mediated tensile forces at cell-cell junctions. The so-called DNAMeter exhibits
several unique features. First, the intrinsic modularity and precise self-assembly of the DNA
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scaffold allows the accurate positioning of specific reference fluorophores, reporter fluorophores
and quenchers324850  As a result, a facile ratiometric quantification of tensile forces can be
achieved. Predictably, through the rational tuning of the sequence and length of the DNA
hairpin, the threshold force can be tailored in a large range to study different types of
intercellular forces®:2, By further conjugating two hairpins into one self-assembled “rod”-like
DNA structure, a large range of tensile forces can be measured simultaneously. Compared to
two separated membrane DNA hairpin probes, the conjugated DNAMeter allows the use of one
reference fluorophore to characterize the membrane distributions of both hairpins. Supposedly,
more hairpins can be incorporated into the DNAMeter to realize delicate quantification of an
even larger range of forces.

Compared to the traction force microscopy?*%4, the beauty of the DNAMeter is its
capability to distinguish tension mediated by a particular protein from the total forces at cell—cell
junctions. Compatible with readily accessible fluorescence microscopes, the DNAMeter is also
easy to prepare and use. By simply incubating with the target cells, the DNAMeter can be
spontaneously anchored onto cell membrane to report the tensions. Compared to fluorescent
protein-based sensors and cantilever pillars'®24, there is no requirement for the cloning or
microfabrication. In addition, the obtained fluorescence signals can be straightforwardly
converted into mechanical forces without the need of complicated data processing or analysis.
As a natural component in the cell plasma membrane, the cholesterol anchors can freely diffuse
along the membrane?®. In addition, the cholesterol-DNA conjugates can also be effectively
removed if desired (Fig. S13 and S14).

We have demonstrated in detail two approaches to quantify the force distributions by
either the number of bright pixels or the unfolded DNA probes. Both approaches can be facilely
applied for mapping intercellular forces. In addition, the EC-DNAMeter has been used to
guantify intercellular E-cadherin tension during the collective migration of cell sheet. In principle,
the DNAMeter can also be used to quantify three-dimensional protein-specific intercellular
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forces in physiologically relevant multi-layer cell assemblies or tissues®®2, Our study
demonstrated the ability of the DNAMeter to quantify and real-time monitor mechanical forces
within a colony of cells. With a broad choice of fluorophores and quenchers, the DNAMeter can
be further used to simultaneously measure intercellular forces among different receptor-ligand
pairs, and to study the correlations between forces and the concentration gradients of
morphogens or signaling molecules®. Further applications of the DNAMeter will allow the
construction of more accurate mechanical models to study mechanotransduction during

embryogenesis, morphogenesis, and various physiological and pathological processes.

EXPERIMENTAL PROCEDURES

Synthesis of Protein G-modified DNA strands. All the oligonucleotides were custom
synthesized and purified by the W. M. Keck Oligonucleotide Synthesis Facility, unless otherwise
noted. The sequences of these oligonucleotides were listed in Supplementary Table 1. For the
synthesis of Protein G-modified DNA strands, 25 pL of thiol- and QSY®21-modified DNA ligand
strand (200 pM) was first mixed with 10 pL of 200 mM TCEP in PBS buffer containing 50 mM
EDTA at pH 7.2. After 1 h room temperature incubation to reduce the disulfide bonds, excess
TCEP was removed using a Bio-Spin-6 column, followed by an immediate addition of 1.5 pL, 23
mM freshly prepared sulfo-SMCC. The mixture was then briefly incubated at room temperature
for one min, and afterwards, 10 pL of 10 mg/mL Protein G was added. After an overnight
incubation, the Protein G-DNA conjugates were purified with Dynabeads (Invitrogen) through a
His-tag-specific purification. The final product was then buffer exchanged into DPBS, followed
by concentrating and storage. The concentrations of Protein G-modified DNA strands were

further quantified with a Nanodrop.
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Preparation of the EC-DNAMeter. To prepare the EC-DNAMeter, 1 uM of a cholesterol- and
Cy5-modifed 22%GC hairpin, a FAM- and TAMRA-modified 66%GC hairpin, and a Dabcyl-
labeled helper strand were first mixed at equal molar ratio in DPBS. After denaturing at 75°C for
5 min, the mixture was slowly annealed back to the room temperature at a rate of 1.3°C/min.
These self-assembled DNAMeters were then incubated with an equal molar above-mentioned
Protein G-modified DNA ligand strand for overnight reaction at 4°C. The as-prepared ProG-
DNAMeter was then mixed with an equal molar IgG/Fc-fused Human E-cadherin
(AcroBiosystems, catalog#: ECD-H5250) at room temperature for 15 min. The final EC-

DNAMeter construct was thereby assembled and could be applied for the force measurement.

Fi2 calculation for the DNA hairpin. Fi is defined as the force at which the DNA hairpin has
50% probability of being unfolded and can be calculated using the following equation®?: Fi,=
(AGroia+AGstech) /AX. Here, AGriq is the free energy to unfold the DNA hairpin when no force is
applied, which can be determined using nearest neighbor free energy parameters obtained from
an IDT OligoAnalyzer software. AGstetch IS the free energy for stretching an unfolded single
stranded DNA from no force up to F= Fi.. It can be calculated from a worm-like chain model®*.
AXx is the hairpin displacement length needed for unfolding and is estimated to be 0.44n+1.56
nanometer, where n is the length of the DNA hairpin, including both the stem and loop regions.
The calculated F1» values for the 22%GC and 66%GC DNA hairpins were summarized in Table

S2.

In vitro fluorescence characterization of the probe. Fluorescence measurement was used
to determine the sensitivity of the reporter fluorophore-quencher system and to validate the
signal from the reference fluorophore. A dgEC-DNAMeter was prepared by adding to the EC-

DNAMeter construct with excess amount of DNA strands that are complementary to the 22%GC

16


https://doi.org/10.1101/2020.01.07.897249

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.07.897249; this version posted January 7, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

and 66%GC hairpins. All the fluorescence measurements were performed with a PTI
fluorimeter (Horiba, New Jersey, NJ). The excitation wavelength for the FAM, TAMRA and Cy5
was 488 nm, 557 nm and 640 nm, respectively, with a corresponding 510-560 nm, 560—-610 nm

and 650-700 nm emission spectra to be collected for each fluorophore.

Preparation of the supported lipid monolayer. The supported lipid monolayers were
prepared by adding a mixture of soybean polar extract and the DNAMeter onto Teflon AF-
coated coverslips. A more detailed protocol was provided in our previous study?®. Briefly, 1 puL
of 1.2% Teflon AF solution, after diluting with Fluorinert FC-770, was added onto a clean
coverslip and then spin coated at 2,000 rpm for 1 min. The coverslips were further dried at
180°C for 5 min to finish the coating. Afterwards, different concentrations of soybean polar

extract/ DNAMeter mixture was added to form lipid monolayers.

Calibration of the DNAMeter. To establish calibration curves to correlate the membrane
fluorescence intensities with probe densities, different concentrations of DNAMeter were added
onto the above-mentioned supported lipid monolayer. To prepare these DNAMeter-
incorporated monolayers, soybean polar extract lipid solution was spiked with different
concentrations of the DNA probe. After equilibrating at 4°C for overnight, 10 pL mixture was
dried for 1 h under a reduced pressure to remove chloroform, and then rehydrated into 5 pL
DPBS buffer. The obtained solution was then added on the above-prepared coverslips for the
fluorescence imaging. The fluorescence intensity of the membrane DNAMeter was measured
with a spinning disk confocal microscope, which data was further plotted as a function of the
probe densities.

Here, the DNAMeter and dgDNAMeter was used as 0% unfolded and 100% unfolded
probe, respectively. We mixed different amounts of the DNAMeter and dgDNAMeter in the
supported lipid monolayer, and then imaged the corresponding membrane fluorescence of FAM
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(G, 485+£10 nm excitation, 530+15 nm emission), TAMRA (Y, 540+20 nm excitation, 590+17 nm
emission), and Cy5 (R, 624+20 nm excitation, 67520 nm emission). The G/Y ratio of each
individual pixel was used to calculate the percentage of unfolded 22%GC DNA hairpin, while the
R/Y ratio was used for the 66%GC hairpin. A linear correlation was observed between the G/Y
(or R/Y) ratio and the percentage of unfolded 22%GC (or 66%GC) DNA hairpin. This linear
relationship was further used to convert the fluorescence signals on the cell membrane to the

percentage of unfolded DNA probes.

Cell culture and imaging. MDCK cells were cultured in DMEM medium supplemented with 10%
FBS, 100 unit penicillin, and 0.1 mg/mL streptomycin. These cells were split at 80% confluency
and plated at a density of 50% following standard cell culture procedures. All images were
collected with an NIS-Elements AR software using a Yokogawa spinning disk confocal on a

Nikon Eclipse-TI inverted microscope. FAM was excited with a 488 nm laser line. TAMRA and
Cy5 were exited with 561 and 640 nm laser line, respectively. Data analysis was performed

with an NIS-Elements AR Analysis software.

Imaging of E-cadherin-mediated tensile forces. To directly image E-cadherin-mediated
tension, MDCK cells were first seeded on a glass bottom dish and grown overnight. After
washing twice with HEPES-buffered saline (Live Cell Imaging Solution, Invitrogen), 0.2 uM pre-
assembled EC-DNAMeter was added. After room temperature incubation in the HEPES-
buffered saline solution for 1 h, unbound EC-DNAMeter was washed away with HEPES-
buffered saline for three times. Cell imaging was then followed immediately with a 100x oll
immersion objective. To track the dynamics of EGTA-treated E-cadherin tension, after adding
0.2 uyM EC-DNAMeter for 1 h and washing away unbound probes, 10 mM EGTA was added

followed by immediate force imaging every 5 min for a total of 30 min.

18


https://doi.org/10.1101/2020.01.07.897249

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.07.897249; this version posted January 7, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Determining the percentage of force-experiencing pixels at cell-cell junctions. For this
purpose, cellular background fluorescence was first subtracted in each image. Ratiometric
images were then generated by dividing the reporter fluorescence (G or R) with the reference
fluorescence (Y) using an NIS-Elements AR Analysis software. We then generated a pixel
distribution plot by pinning the number of pixels exhibiting similar range of G/Y or R/Y ratios
versus the corresponding ratio. Based on a control ProG-DNAMeter, we could estimate a
threshold value of G/Y (1.0) and R/Y (0.24) to distinguish force-experiencing pixels from the
background. We could then count the number of pixels showing positive signals, i.e., G/Y in the
range of 1.0-3.0 or R/Y in the range of 0.24-1.0, denoted as Ng+ and Ng-r+, respectively. The
percentage of pixels involved in >8.1 pN force events was then calculated by dividing the
number of pixels exhibiting both positive G/Y and positive R/Y, denoted as Ng:r+, by the total
pixel number No. In other words, (Ne+r+/No) X 100%. Similarly, the percentage of pixels
experiencing >4.4 pN forces was calculated by dividing G/Y-positive pixel number, Ng+, by the
total pixel number No. In other words, (Ng+/No) x 100%. In this way, the percentage of pixels
involved in 4.4-8.1 pN force events could also be calculated by subtracting (Ne+r+/No) x 100%

from (Ng+/No) x 100%.

Determining the percentage of unfolded probes at cell-cell junctions. To determine the
percentage of unfolded probes at a cell—cell junction, pixels with distinguishable TAMRA
fluorescence were first grouped into different subranges. The same subrange of pixels
exhibiting similar level of G/Y or R/Y ratios. The interval between each subrange was
determined based on the standard deviation of the fluorescence ratios, i.e., G/Y 0.25 and R/Y
0.12. Afterwards, the percentage of unfolded probes at each cell—cell junction was calculated
by ¥™[(N; -x;)/ Ny]. Here, Niis the number of pixels in each subrange, and Ny is the total
number of pixels at the junction. In this equation, x; is the corresponding percentage of unfolded

hairpin in each pixel subrange, which can be determined from the above-mentioned linear
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standard curve from the supported lipid monolayer measurement. The fraction of unfolded
probes by >4.4 pN and >8.1 pN tension was thereby calculated based on the G/Y and R/Y ratio,
respectively. The fraction of unfolded probe experiencing 4.4—-8.1 pN forces was then
calculated by subtracting the fraction of unfolded probes by >8.1 pN from that of probes by >4.4

pN tension.

Collective cell migration. A slab of PDMS was gently pressed against the bottom of a glass
bottom dish, followed by seeding the MDCK cells. After 48 h growth, the confluent cell
monolayer was washed with HEPES-buffered saline for three times. After adding 0.2 uM EC22-
DNAMeter at room temperature for 1 h, the probe-anchored MDCK cell monolayer was washed
twice with HEPES-buffered saline, and a large area scan was immediately conducted with a
40x% oil immersion objective. After imaging, probe-containing solution was discarded and
replaced with the complete cell growth medium, followed by the removal of the PDMS slab.
After another 12 h of cell growth, the medium was removed and the cell monolayer was washed
with HEPES-buffered saline for three times, followed by the addition of 0.2 uM EC22-DNAMeter.
After 1 h incubation at room temperature, the cell monolayer was washed twice with HEPES-
buffered saline and imaged again in the large area mode with the confocal microscope.

We further quantitatively correlated the number of pixels involved in >4.4 pN tension with
their distances to the leading edge. Here, we counted the number of pixels per unit area
exhibiting high G/Y ratio. In total, 2,500 unit areas were selected continuously across the whole
imaging area from the leading edge (Fig. S10). The number of pixels with positive ratios in the

range of 1.0-3.0 was then counted and further plotted with their distances to the leading edge.
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Fig. 1 Design of the DNAMeter to quantify tensile forces at cell-cell junctions.

(a) Schematic of collective cell system experiencing intercellular tensile forces. Black arrows

indicate the forces at cell—cell junctions that we are studying in this project.

(b) The construction of an EC-DNAMeter on a live cell membrane. The DNAMeter is
comprised of a cholesterol-modified 22%GC DNA hairpin strand (orange, F1.= 4.4 pN), a
66%GC hairpin strand (light green, Fi12= 8.1 pN), a ligand strand (light blue) and a helper strand
(grey). The DNA strands was further modified with E-cadherin (E-cad) through a Protein G
linker to form the EC-DNAMeter. Upon experiencing different magnitudes of tensile forces as
generated by the neighboring cells, the FAM (G) and/or Cy5 (R) fluorophore separates from the
corresponding quencher, Dabcyl (Qg) and/or QSY®21 (Qr). Here, a TAMRA fluorophore (Y)

acts as the internal reference for the ratiometric imaging and quantification.
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Fig. 2 In vitro characterization of the DNAMeter.

(a=c) The fluorescence spectra of the EC-DNAMeter (color line) and de-quenched EC-
DNAMeter (black line) was measured in terms of FAM (a), Cy5 (b), and TAMRA (c). The

excitation wavelength was 488 nm, 630 nm, and 550 nm, respectively.

(d) Calibration curves to correlate the membrane fluorescence intensity with the number of
probes per pixel on a supported lipid monolayer. The de-quenched DNAMeter was used to
measure the calibration curves for unfolded 22%GC hairpin (green solid line), 66%GC hairpin
(red solid line), and TAMRA reference (yellow solid line). While the DNAMeter was used to
calibrate for the folded 22%GC hairpin (dark green dashed line) and 66%GC hairpin (dark red

dashed line).

(e) Correlation of the G/Y or R/Y ratio with the percentage of unfolded hairpins in individual
pixels. G/Y (green line) indicates the percentage of unfolded 22%GC hairpins. R/Y (red line)
indicates the percentage of unfolded 66%GC hairpins.
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(f) Fluorescence images by adding different combinations of the DNAMeter and de-quenched
DNAMeter onto a supported lipid monolayer. For example, 100/50 means that 22%GC and
66%GC DNA hairpins were 100% and 50% unfolded, respectively. Scale bar, 5 um.

(g) Schematic of the correlation between the fluorescence intensity and the number of unfolded
DNA hairpins in each pixel. The top and bottom spectra illustrate the fluorescence intensity of
FAM and Cy5. Each square indicates an individual pixel, and each dot represents a single DNA
probe. For example, 50/0 indicates that the percentage of unfolded 22%GC and 66%GC DNA
hairpins is 50% and 0%, respectively.
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Fig. 3 Quantification of E-cadherin-mediated tensile forces at MDCK cell—cell junctions.

(a) Representative fluorescence images of MDCK cells after inserting the EC-DNAMeter. G/Y

stands for the fluorescence ratio of FAM to TAMRA, indicating the tensile forces above 4.4 pN.

R/Y is the fluorescence ratio of Cy5 to TAMRA, indicating the tensile forces above 8.1 pN. The

ProG-DNAMeter that lacks E-cad modification is used as a control. Scale bar, 5 um.

(b) Quantitative analysis of the tension based on the fluorescence images. The top panels

show the percentage of pixels experiencing forces as quantified with the EC-DNAMeter (left)

and ProG-DNAMeter (right). The bottom panels indicate the percentage of unfolded probes
with the EC-DNAMeter (left) and ProG-DNAMeter (right). G+ (or G-) indicates the fluorescence
ratio of FAM to TAMRA is above (or below) the threshold, respectively. Similarly, R+ (or R-)

indicates the fluorescence ratio of Cy5 to TAMRA is above (or below) the threshold value.

(c) The distribution of pixels within different subranges of G/Y or R/Y ratios for the

representative junction denoted by white arrows in the panel (a).

(d, e) Statistical analysis of tensile force distributions in terms of the percentage of pixels at
different cell—cell junctions (N= 20) with the (d) EC-DNAMeter or (e) ProG-DNAMeter.

(f, g) Statistical analysis of tensile force distributions in terms of the percentage of unfolded
probes at different cell—cell junctions (N= 10) with the (f) EC-DNAMeter or (g) ProG-DNAMeter.
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Fig. 4 Dynamics and disruptions of the E-cadherin-mediated tension.

(a) Fluorescence images of EC-DNAMeter-modified MDCK cells after adding 10 mM EGTA at 0
min. The cell—cell junction denoted by white arrows was used for the quantitative analysis in the

panel (b). Scale bar, 5 pm.

(b) The quantitative analysis of tension revealed by percentage of unfolded probes after adding
EGTA. Each pie chart corresponds to the images above it in the panel (a). The blue, green,
and red region indicted the distribution of tensile forces in the range of <4.4 pN, 4.4-8.1 pN,

and >8.1 pN, respectively.

(c, d) Statistical analysis of the dynamic changes in the intercellular tensile forces (>4.4 pN) at
different cell—cell junctions (N= 10) with the (c) EC-DNAMeter or (d) ProG-DNAMeter.
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Fig. 5 Mapping tensile force distributions during collective cell migration.

(a) Schematic of collective MDCK cell migration. A PDMS slab was pre-attached on a glass
bottom dish, and a confluent cell monolayer was formed next to it. Before removing the PDMS,
the EC-DNAMeter was added to map the intercellular forces. The removal of the PDMS then
triggered the collective migration. After 12 h of migration, fresh EC-DNAMeter was added again

to map the forces.

(b) Fluorescence imaging of MDCK monolayer cells before (top) and after 12 h of cell migration
(bottom). G/Y ratio was shown and used for the quantification. Initial edge is the initial interface
between the PDMS and monolayer cells before migration. Leading edge is the edge where

“leader cells” located at the front edge of the advancing cell sheet. Scale bar, 50 um.

(c) Quantitative analysis of tension within these monolayer cells as a function of their distances

to the leading edge before cell migration (black line) or after 12 h of cell migration (green line).
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