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Supplementary Figure 1. The simplified model provides accurate solutions. Plotted is the
imaginary part of the pressure vs. the scaled radial coordinate. As you can see the comparison
between the approximate and “exact” solution is very good. The pressure at the origin

overestimated by 6% and the force is underestimated by 9.5%.

_————
—_—

[

e e e e e




Supplementary Figure 2. Model for apical surface epithelial tension development by
myosin Il contraction at hexagonal edges in polarized epithelium. Consider a sheet of
confluent epithelial cells comprised of regular hexagons with cell edge I. We assume that myosin
molecular motors exerts an intercellular pulling force f away from each tricellular junction
because of the fact that myosin exerts a contractile force along the hexagon sheets lateral walls
(actomyosin belt). The myosin contraction creates an isotropic tension field Ty =T,
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Supplementary Figure 3. Calculation of effective probe diameter by different bead sizes at
multiple distances from the tissue surface. Effective probe diameter calculated (D.sf =
4(Rh,,,)/?) for beads with size (R= 10 pum, red line; R=12.5 pm, green line; R=17.5 um, blue
line) showing that for the distances we positioned the vibrating bead from the tissue we probe the
large-scale mechanics. Typical single cell apical surface cell diameter measured by ImageJ on
immunofluorescence images in a confluent MDCK 1l monolayer is ~ 10 um.
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Supplementary Figure 4. Determination of apical surface epithelia tension in MDCK 11
polarized monolayers using different bead sizes There are not significant differences on the
epithelial tension in MDCK Il monolayers for the beads tested. In summary; 20 um T=2.1 + 0.6
nN pm™, 25 um T=2.2 + 0.7 nN pm™, and 35 um T=2.2 + 0.4 nN um™. Data are represented as
mean + standard deviation; NS indicates nonsignificant differences in comparison with 25 pm
bead size control P>0.05(unpaired two-tailed student’s t-test with Welch’s correction).; number
of measurements pooled for 2-3 independent experiments for each condition, n= 30, 28, and 32
for cantilevers with attached bead diameter 20 um, 25 um, and 35 pum, respectively.



o
3

w
A

N
A

Epithelial elasticity (kPa)

Supplementary Figure 5. Elastic Young’s modulus measured on MDCK II Tet-off cell lines
using standard quasi-static force-distance curves. Hertz contact mechanics model for
spherical indenters was used. In ZO-1/Z0-2 dKD in MDCK Il Tet-off cells the apical surface
elastic Young’s modulus dramatically increases. In ZO1R(U) dKD cells the apical elastic
modulus is significantly elevated when compared to control, but the elastic modulus is partially
restored when ZO1R(1) dKD cells are expressing a Tet-inducible full-length ZO-1 rescue
transgene. U, (+dox, uninduced); I, (-dox, induced). In summary; MDCK Il (control) E=1.547 +
0.5 kPa, ZO-1/20-2 dKD E=1.872 + 0.56 kPa, ZO1R(U) E=2.322 + 0.37 kPa, and ZO1R(l)
E=2.019 + 0.31 kPa. Data are represented as mean + standard deviation; * indicates significant
different in comparison with control P<0.05 (unpaired two-tailed student’s t-test with Welch’s
correction); number of measurements pooled for 2-3 independent experiments for each
condition, n= 20, 22, 25, and 22 for control, ZO-1/Z0-2 dKD, ZO1R(U), and ZO1R(l),
respectively.
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Supplementary Figure 6. Elastic Young’s modulus measured on MDCK II Tet-off cell lines
threated with 100 uM blebbistatin, 30 uM Y-27632, and 2 uM ML-7. Hertz contact
mechanics model for spherical indenters was used. Confluent monolayers of MDCK |1 controls
and ZO-1/Z0-2 dKD cells were treated with 100 uM blebbistatin, 30 uM Y-27632, 2 uM ML-7,
or 30 uM Y-27632 + 2 uM ML-7 pharmacological drugs for 15 to 20 hours. (A) The plot shows
the epithelial tension for MDCK 11 control untreated polarized monolayers, and treated either
with 100 uM blebbistatin, 30 uM Y-27632, 2 uM ML-7, or 30 uM Y-27632 + 2 uM ML-7. (B)
The plot shows the epithelial tension for MDCK Il ZO-1/Z0O-2 dKD untreated polarized
monolayers, and treated either with 100 uM blebbistatin, 30 uM Y-27632, 2 uM ML-7, or 30
MM Y-27632 + 2 uM ML-7. Myosin Il activity inhibition dramatically reduces the epithelium
tension, whereas inhibition of MLCK or ROCK signaling do not cause a significant change on
epithelial tension. In summary; MDCK 11 (control) E=1.55 + 0.5 kPa, 100 uM blebbistatin
E=1.27 £ 0.25 kPa, 30 pM Y-27632 E=1.3 £ 0.24 kPa, 2 uM ML-7 E=1.68 + 0.22 kPa, 30 uM
Y-27632 + 2 uM ML-7 E=1.12 + 0.18 kPa, ZO-1/Z0-2 dKD E=2.17 + 0.68 kPa, 100 uM
blebbistatin E=1.5 £ 0.31 kPa, 30 uM Y-27632 E=1.752 + 0.31 kPa, 2 uM ML-7 E=3 + 0.5 kPa,
30 uM Y-27632 + 2 UM ML-7 E=1.84 + 0.34 kPa,. In (A-B) data are represented as mean *
standard deviation; * indicates significant different in comparison with control P<0.05 (unpaired
two-tailed student’s t-test with Welch’s correction); NS indicates nonsignificant differences in
comparison with control P>0.05 (unpaired two-tailed student’s t-test with Welch’s correction);
number of measurements pooled for 2-3 independent experiments for each condition, n= 20, 27,
22, 26, and 27 for control, 100 uM blebbistatin, 30 uM Y-27632, 2 uM ML-7, and 30 uM Y-
27632 + 2 UM ML-7, respectively, and n= 22, 15, 19, 26, and 29 for ZO-1/Z0-2 dKD, 100 uM
blebbistatin, 30 uM Y-27632, 2 uM ML-7, and 30 uM Y-27632 + 2 uM ML-7, respectively.
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Supplementary Figure 7. Immunoblot shows ZO-1 and ZO-2 proteins are effectively
depleted in dKD cell lines, whereas E-cadherin and myosin 11 protein levels are equal to
controls. Western blot of ZO-1 and ZO-2 polypeptides in MDCK |1 Tet-off control cells, ZO-
1/Z20-2 dKD cells, and ZO1R dKD cells expressing a Tet-inducible full-length ZO-1 rescue
transgene. ZO-1 and ZO-2 expression in dKD cell lines are almost undetectable. In ZO1R dKD
cell line, induction of ZO1R (1) restores ZO-1 expression to levels equivalent to those in
controls, while ZO-2 expression remains suppressed. Myosin 11B and E-cadherin expression in
dKD cell lines are equal to control cells.
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Supplementary Figure 8. Determination of driving frequency for noninvasive acoustic FM-
AFM measurements. (A) Thermal tune of cantilever with microsphere in liquids depicting the
cantilever first flexural eigenmode resonance frequency. (B) Same cantilever typical tune curve
for piezo-driven excitation in liquids showing “forest of peaks”. Amplitude of oscillation and
phase lag curves recorded at 6 um and 2 um over the polarized monolayer. To choose the driving
frequency, we compared both curves and select the largest peak in the tune curve forest of peak
that is the closest to the resonance frequency measured by thermal tune. Horizontal dotted line in
phase response curve corresponds to /2 phase lag between the piezo and the cantilever, this f,/,
is set as the driving frequency. Vertical dotted line in amplitude response curve corresponds to
the selected driving frequency. The amplitude response curves show that the method does not
introduce significant artifacts since the cantilever resonance peak at smaller gaps is visibly well-
defined with no significant change in or location of peaks, thus ruling out the existence of
spurious peaks.
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Supplementary Figure 9. Changes in the slope of the phase against frequency response
curve. When the acoustically oscillating micron size sphere is moved closer to the MDCK 11
WT polarized epithelium apical surface changes in dg/df measured at f,, are negligible.



Supplementary Note 1

Theory for frequency shift and epithelial tension relationship for compliant substrates

For tipless cantilevers in fluids oscillating near rigid substrates it has been previously shown that
dissipative loading is important for resonant frequency changes, whereas inertial loading is
weak. In contrast, on compliant substrates inertial and dissipative loadings are important®.
Consider a rigid micron-sized sphere of radius R (m) attached to the end of a microcantilever
with calibrated spring constant k. (N m™) that undergoes small oscillations with acoustic
frequency w (rad s) in an incompressible fluid bath with density p (kg m™) and viscosity p (Pa-
s). The oscillating sphere approaches a flat or curved compliant substrate. It is assumed that the
sphere oscillation amplitude is very small compared to the minimum gap height h,, (m), and that
hm, in turn is small compared to the sphere radius R. The oscillatory motion is normal to the
nearby compliant substrate characterized by the substrate stiffness parameter K (N m™) and
radius of curvature R.

Calculation of gap pressure

Lubrication theory for linearized unsteady Stokes equations for fluid motion applies for
conditions where the sphere oscillation amplitude is much smaller than the minimum gap height
hm and the sphere radius R. The motion is axisymmetric, thus we can describe the induced flow
in terms of the Stokes stream function ¥(r, z), where r is the radial distance measured from the
vertical axis of revolution through the minimum gap, and z denotes the distance along the normal
axis measured upward from the midpoint of the two surfaces. The critical idea behind lubrication
of thin gaps is that radial derivatives are small compared to the axial derivatives®. This allows us
to neglect the radial derivatives compared to axial in equation for Stokes stream function ¥(7, z).
The radial velocity u and the axial velocity w are expressed in terms of ¥(r, z):

109 109
=-—— W= _;E(Eq l)

r oz’

The resulting equation is:

(L-r) =0y =i2=il (.2

where y is a parameter related to the inverse of the unsteady boundary layer thickness ¢. Using
parabolic approximation for the geometry of the model and no-slip boundary conditions for
viscous fluids, the boundary conditions are u=w=0 on the compliant substrate located at

z=12z =—1/2)h,, — (1/2)(r?/R)+..., and u=0 and w=-V located on the approaching rigid
sphereat z = z, = (1/2)h,, + (1/2)(r?/R)+... . In terms of the stream function these
conditions are equivalent to:

onz=zl:‘;—l:=0;‘P=0,(Eq.3)



onz=z,: 2 =0;% =31V, (Eq.4)

u az

on the compliant substrate and rigid sphere, respectively. Eq. 3 approximates the substrate as
rigid. Later this approximation is relaxed. The theory that proceeds is a self-consistent
perturbation theory, since the deformation of the substrate ~10 nm is small compared to the gap.

A general solution for the stream function has the form:
Y =A+B(z—2z)+ Ccoshy(z—z) + Dsinhy(z - z,) . (Eq. 5)

The four boundary conditions result in a 4X4 linear system to solve for the 4 constants (A, B, C,
and D).

The radial velocity profile in the gap turns out to be:

cosh &—-1

1 — cosh &+—
U(r,z) =zVyr Sinh
(r,2) 20 £ cosh(l>(2

sinhy(z-z;)+coshy(z—z,)
cosh<l>—1_¢) } ’ (Eq 6)

sinh ®

where ® = y(z, — z,) = yh,,(1 + (r?/(2h,,R*)) + ). Let 1/R* = 1/R + 1/R,, Where R*is
defined as the effective radius when two spherical surfaces are interacting. Note that this
generalized approach was initially developed for compliant curved substrates; however, since our
research work presented in this paper is on flat polarized monolayers we need to define R* for
flat substrates. Thus, R* = R (bead radius) if the substrate is flat.

We note the radial flux is given by:
Zy _ 1
le U(r,z)dz = ;V,r . (EqQ.7)

In addition, we need to differentiate the radial velocity twice with respect to z, yielding the
relation:

1
ZVory3

z; - (tanh(%Q) —%tb)

%U(r,2z)
az2

. (Eq. 8)

Equations Eq. 7 and Eq. 8 have assumed that the substrate is rigid so far. To consider a
deformable substrate we introduce a new correction function a(r) to multiply V, and we will use
a radial momentum and continuity of mass to eliminate this function in terms of K, which is
stiffness per unit area normal to the deformable substrate. The linearized radial momentum
equation relates the radial gradient of pressure P (N m™) to viscous shear along the substrate:

Vorrda(r)

1P _d*umz|
z  (tanh(jo)-J@)’

1 Orlz=g az2

(Eq. 9)



We now balance the radial outflow and the radial inflow due to the moving rigid sphere and the
axial outflow due to the movement of the deformable substrate using the continuity of mass
equation:

Qout = 21T fzzl” U(r,z)dz = r* a(r)V, (Eg. 10)
Qin = mr?Vy, (Eq. 11)
Qs = 27 ) v(p)pdp; v(r) = —iw"2 . (Eq. 12)

The mass conservation can be written as Q;,, = Q.+ — Qs:

2miw

wr?Vy = nrfa(r)Vo — == [ p(p)pdp . (Eq. 13)

Now differentiate with respect to r and use Eq. 9:

2rvo=i<imr@> HOr (1) . (Eq. 14)

dr\pu y3 dr

Finally, the resulting pressure equation is:

li(r (tanh (% d)) — %d)) Z—f) + ;—zuﬁp(r) = ”TYSVO . (Eq. 15)

rdr

The parameter @ is proportional to the ratio of the gap hy, to the boundary layer thickness o,
which turns out to be small for the conditions of the experiment ~ 1/40. For & « 1 then:

tanh (20)-1@)= -1 &3+ 0(®)5. (Eq. 16)
2 2 24

Keeping the first term, the simplified pressure equation is:

1d 72 \3 dp 12ipw 12
;dr< ( 2Rhm) E) KR}, p(r) = w2 Vo (Eq. 17)

Scale r by letting r* = \/%:
1d N d 24ipR _ 24pR
o (r(+r 2y? ”) #p(r) = - 282V, . (Eq. 18)
Additionally, scale p by letting p* = — to get the resulting dimensionless pressure equation:

3 *
LA )



where x denotes the dimensionless parameter x = 22‘;5"2 that turns out to be the ratio of

m

tangential to normal stress acting on the substrate. It is important to note that « is different than
K.

To further simplify the pressure equation in search of a closed form solution, we let H* = 1 +

%2 d _dH" d_ . . . . )
r*“ and o Introducing this transformation into Eq. 19 gives:

4 d N - dp” s x

We can get an approximate closed form solution by assuming H* > 1 (not valid at the origin).
Therefore, we solve:

4. d «4 dp” e

The rationale behind this assumption is that we would like a closed form solution to fit
experimental data, thus we are willing to give up some accuracy in order to obtain a simple
analytical closed form expression.

We can eliminate the dimensionless parameter x with further scaling by letting H* = %\/ﬁh and
solve the homogenous equation:

d 4 dp” *

E(h L) —p =0.(Eq.22)

Using Mathematica software, we find the decaying solution:
. . 1\ 1 1

p'=C, {smh (E) — Zcosh (ﬁ>} . (Eq. 23)

Evaluating C; by requiring p* = —iand H* = 1lath = \/% yields:

—i
- sinh(%\/m) —%ﬁ cosh(%\/m)

. (Eq. 24)

This choice of boundary condition at the origin is motivated by noting p*= -i is a particular
solution. To determine the accuracy of Eq. 23 we matched the solution of Eq. 23 to the Bessel

function I, [(irc(H* - 1))1/2], which is accurate near the origin. Plotted in Supplementary Fig. 1

is the imaginary part of the pressure vs the scaled radial coordinate. The comparison between
the approximate and “exact” solution is very good. The pressure at the origin overestimated by
6% and the force is underestimated by 9.5%.



Calculation of force on sphere

We calculate the force F on the sphere by calculating the force on the substrate, since the latter
can be obtained in closed form. We can estimate the error by noting the pressure gradient across
the gap is small. The axial momentum is a balance between the pressure gradient, viscous stress,
and fluid inertia. The ratio of the third to the second term is wh?/v ~ 0.2 in our experiment, so
actually the axial pressure gradient is more affected by normal viscous stress than fluid inertia.
Therefore, we can estimate Ap/p~ Ruw?/(8k.Af) ~ 0.126, which is an acceptable error.
Proceeding with the calculation of force:

F=2m fooo prdr = Z2X [* p*rdr . (Eq. 25)

w 0

Substituting rdr = 2Rhyr*dr* = RhydH* = >\iKRhy,dh into Eq. 25 yield:

F =

w

Vo \ikRh,, fzoz/_p*dh . (Eq. 26)
iK

Using Mathematica software to evaluate the integral yields:

F = "% \icRh,,C; {1 — —=sinh (3ViK)} . (Eq. 27)

So, the change in force AF as the cantilever with the micron-sphere moves toward the surface
from a far location A, is:

AF = ™05 TR (R, — hyar)C1 {1~ Zesinh (7)} . (Eq. 20)

We now consider two approximations involving « that can be used to simplify the equation and
solve for the frequency shift.

o if k&1 (small x approximation):

- o — 1.3, ... - 12, .. — 2 oh(ivie) ~ &
Notethat,smhe—e+66 +--and coshe =1+-€”+ -, then 1 msmh(zx/ﬁ) i

Additionally, expanding the hyperbolic terms of Eq. 21 we get that:

—i

=1 —,
—1¢ViK(ix)

16
C, = = (Eq. 29)

Substituting Eq. 29 into Eq. 28 results in:

VoK

w

16 ik 2 KR (hm—hgqr)

AF = \/ﬁR(hm — hfar K_\/m ﬂ = inO {3 T} (Eq 30)

e if x>>1 (large x approximation applicable to the present work):



Note that for the case x>>1; sinh = cosh; and C; - — ! - — . Then substituting these

relations into Eq. 27 yield:

nVoK /= i -1 inVogK 4
AF =™ TRy hyay) (F> (T) = Ry — ) =

2

2

—iwV, {ZﬁKR(h"j;S’;“r)”(l'i)} . (Eq. 31)

Calculation of frequency shift
Following Chadwick & Liao® who treated the sphere, cantilever, and fluid as a simple oscillator:
k. = Mw? . (Eq. 32)

where M is the sum of the mass of the sphere-cantilever and the hydrodynamic added mass, and
w 1is the near frequency peak where the sphere motion lags the piezo motion by a phase of 7/2.
The relation holds independently of the damping of the system. When the gap between the
sphere and the compliant sample changes by moving the cantilever, only the hydrodynamic mass
and the resonant frequency change, while the cantilever spring constant remains unchanged
(assuming that tip-sample interaction forces do not come into play). Therefore,

Ak, = 0 = AMw? + 2MwAw . (Eq. 33)
And using Eq. 32 to eliminate M, it follows that:

Aw _ Af  -AMw?

® f 2k,

(Eq. 34)

where Aw is the frequency shift resulting from a change in the hydrodynamic mass AM, due to a
wall squeeze film effect that depends on the compliance of the wall. The change in
hydrodynamic mass AM can be obtained from the force change Eq. 28; AM is the component of
force proportional to the acceleration of the oscillating sphere. Thus, the relationships describing
frequency shift for both « cases are:

o if k<1 (small x approximation):

From the total force equation Eq. 30 we can obtain the change in hydrodynamic mass as
2 TKR(hm—hyfar)

AM = 3 = . Substituting AM into Eq. 34 yield:
KRf (hm—hsar)
Af = an (Eq. 35)

o if x>>1 (large x approximation):



From the force change equation Eq. 31 we can obtain the change in hydrodynamic mass as
2V2KR(hfqr—hm)T

AM = =—H%

. Substituting AM into Eq. 34 yield:

Af = YR ar—hm)hK /2
f= 2k f6p

. (Eq. 36)

Tension and substrate stiffness parameter (T-K) relations for compliant membranes

We will follow the development given in the work of Chadwick & Cartagena-Rivera®, but using
the new formulas obtained herein. Here we assume that the compliant substrate can be modeled
by a sheet having an isotropic pretension T (N m™). Now the substrate stiffness parameter K (N
m™®) must be related to the sheet tension T using membrane deformation theory. First, we use
polar coordinates (r, #) and consider the vertical displacement w of a horizontal membrane due to
a vertical point force F at the origin:

w(r,0) = %lag (i) . (Eq. 37)

This is the Green’s function® for a deformable membrane under tension and it gives the singular
radially symmetric solution to Laplace’s equation, which governs the vertical deformation of the
membrane. The membrane displacement vanishes at r=r, that we choose to be the effective
probe radius, where the pressure effectively vanishes. Integrate Eg. 37 over the membrane to
obtain the displacement due to a radially symmetric pressure distribution p(r):

Po __ _ i To ﬁ
i w(0,0) = -7 Jo p()log (r%,) rdr . (Eq. 38)

where po is the pressure at the origin. To evaluate Eqg. 38 we take ry be the effective probe radius,

. . 2 2
s0 7§ = 4Rh,, and we then introduce the transformations r** = =, u = r**, du = S rdr, and
0 0

F(u) = ?. Now introducing these expressions into Eq. 38 yield:
0

T _ Rhuw VoK (1
K~ po o fO F(uw)log(u) du. (Eg. 39)

Vik Vi Vi

where F(u) = sinh 2(14u)  2(14uw) 0s 2(14u)

There are two approximations that can be used to simplify the equation Eq. 39 to solve for the
tension and substrate stiffness parameter relationship,

e if k&1 (small x approximation):

1/ ViK \°
Fw- -3 o0




Then substituting Eq. 40 into Eq. 39 yields,

3

K Po @ 3\2 0 (14+u)3

Using Mathematica software to solve the integral in Eq. 41 f01 é‘l’fgi du = —i(l +log(4)),
iVoK
w

solution yield the simple analytical T-K relation:

recalling that p, = — , substituting both results into Eq. 41, and solving for the dominant real

T _ Rh,,(1+log(4)) 3/
= han K% (Eq. 42)

o if x>>1 (large x approximation):

Fw)~ — ;e . (Eq. 43)

Because log(u) is singular when evaluated at the origin, the integral is dominated by the value
of the integrand at the origin:

Fo = F(0) = (~2vix) ™ . (Eq. 44)

Substituting these expressions into Eq. 39:

4T — 15
FrT iez'™ (Eq. 45)
1 —
Rearranging Eq. 45 yield to the following simple expression |K:Z | =+/ke 22'". For the

e

1
special case when k > 1, Ve 22" ~1. Therefore, this simplification yields the simple

analytical T-K relation:

T _ Rhy,
K~ 4

(Eq. 46)
Viscoelastic tissue

Gavara & Chadwick previously developed an approach to estimate the viscous dissipation of a
compliant substrate using noncontact frequency-modulated atomic force microscopy?. In
summary, they measured the slope of the phase-frequency curve to determine the ratio of the
elastic and viscous forces in the compliant substrate;

wC

6
—~ = — a5 (EQ. 47)
fdf



where c is the substrate three-dimensional damping parameter, ¢ is the cantilever response
phase, and % the slope of the phase-frequency curve.

Substitute Eq. 47 into Eq. 46;

12T 1 Heff
—2L = %I (Eq. 48

where i is the substrate effective viscosity (Pa-s) and A = (T/K)Y/? = 1/2(Rh,,)"/? is the
penetration depth. Thus, the effective viscosity can be determined from;

6T 1

Heff = ~ Gy o (Eq. 49)

Analysis of experimental data

An extremely important step is how to use the obtained mathematical relations to effectively
calculate the epithelial tension by fitting the experimental data obtained using an atomic force
microscope (AFM). The AFM actually measures the phase lag between the piezo and the
cantilever when vibrating acoustically and brought to close proximity to the membrane surface.
Our theory says that in order to measure the frequency shift, the phase lag need to be kept
constant at 7t/2.

To determine the tension on a confluent monolayer, we substitute Eq. 46 into Eq. 36 to obtain a
simple relation between frequency shift and tension:

4 h;nT3 heor
A =i /’”T(,{—m — 1), (Eq. 50)

where Af = frear — frar is the frequency shift (Hz) where the phase is n/2; f74, (HZ) is the
“unperturbed” cantilever resonance frequency far away from the sample surface where the phase
IS 1/2; frear (HZ) is the “perturbed” cantilever resonance frequency near the sample surface
where the phase is 7/2; k. (N m™) is the cantilever spring constant; R (m) is the radius of the
cantilever microsphere; hg,r (M) is the farthest distance between the lowest portion of the sphere
and the epithelial apical surface where the cantilever dynamics are unperturbed; hy, (m) is the
minimum distance between the lowest portion of the sphere and the membrane surface; p (Pa-s)
is the incompressible fluid viscosity; and T (N m™) is the epithelial tension.

To successfully fit the frequency shift-tension relation model to frequency shift-gap curves we
generated a MATLAB (The Mathworks, Natick, MA) code. First, the experimental phase
response between the piezo and cantilever curves was analyzed to extract the frequency shift at
each gap. Then, the frequency shift-gap curves were reconstructed. After curve reconstruction,
we used nonlinear least squares method to best fit the data and determine the tension. The code
effectively solves the nonlinear least squares data fitting problems by using a predefined starting



point Xo and finding a minimum of the sum of squares for the function of interest. Because we
want a rigorous way to analyze the data we used goodness of fit statistical method to calculate
the R? value and an estimate of the error variance. We pursue the best R value.



Supplementary Note 2

Calculation of intercellular adhesion forces

We will follow the development described in the work of Chadwick & Cartagena-Rivera* to
determine the intercellular adhesion forces on a confluent epithelium. Consider a sheet of
confluent cells comprised of regular hexagons with cell edge I, as shown in Supplementary Fig. 2
we assume that myosin molecular motors exert an intercellular pulling force f away from each
tricellular junction since myosin exerts a contractile force along the hexagon sheet lateral walls
(actomyosin belt). The myosin contraction creates a tension field, Ty and Ty acting on the dotted
rectangle, which is the unit periodic lattice of width W = (2)33/2] and height H = 31. A force
balance in the y and x directions yields the following equations:

T,W = 2f, (Eq. 51)

T,.H = V3f. (Eq. 52)

Equations 51 and Eq. 52 relate the intercellular pulling forces f to the tensions Ty and Ty,
respectively. Note T, /Ty =1, i.e. the tension field is isotropic. The myosin contractile force and
the epithelial tension T are then related by the simple equation:

f =+/3Tl, (Eq. 53)

This myosin pulling force at the tricellular junction can be used to determine the intercellular
adhesion forces. The main text schematic diagram Fig. 7A depicts the pulling forces acting
within each tricellular junction on an isolated cell-cell junction within the epithelium. Then, by
performing force balance for the forces acting in the horizontal direction, we get:

Fya = f2€05(0) + f4c0s(04) — f1c05(61) — f3c0s(03) . (Eq. 54)

Now substituting Eq. 53 into Eq. 54 yield the equation for the intercellular normal adhesion
force:

Fya = V3T{lycos(0,) + l,cos(0,) — l;cos(0,) — l3cos(03)}, (Eq. 55)

where Fya is the intercellular normal adhesion force, I is the corresponding cell edge length, and
6; is the angle of the corresponding cell edge.

Similarly, by performing force balance for the forces now acting in the vertical direction, we get:
Fsy = f15in(01) + f25in(0;) — f3sin(03) — f4sin(6,) . (Eq. 56)

Now substituting Eq. 53 into Eq. 56 yield the equation for the intercellular shear adhesion force
FSA:



Fgy = V3T{l;sin(0,) + I,5in(0;) — l3sin(03) — lysin(0,)} . (Eq. 57).



Supplementary Note 3

Contributions of viscoelastic effects to epithelial tension

Viscous dissipations inside the polarized epithelium could provide significant contributions to
the measured epithelial tension. On various tissues, there is not such a comprehensive study on
viscoelasticity, thus we would like to investigate if viscous dissipation is considerable.

Proceeding with the calculation of the ratio of viscoelastic contribution to epithelial tension is:

Viscosity

= f%_(,, . (Eq. 58).
daf

Tension

We can use Eqsu58 to estimate the viscoelastic contribution to epithelial tension of a polarized
monolayer using the following parameters: =38 kHz and %20.035 °/Hz. The obtained viscosity-

tension ratio is 0.086, thus the viscoelastic correction is small <10%. Therefore, we can safely
neglect viscoelastic correction to epithelial tension.
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