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SUMMARY

Epithelial cells spontaneously form acini (also
known as cysts or spheroids) with a single, fluid-
filled central lumen when grown in 3D matrices.
The size of the lumen is dependent on apical
secretion of chloride ions, most notably by the
CFTR channel, which has been suggested to
establish pressure in the lumen due to water influx.
To study the cellular biomechanics of acini
morphogenesis and homeostasis, we used
MDCK-2 cells. Using FRET-force biosensors for
E-cadherin, we observed significant increases in
the average tension per molecule for each protein
in mature 3D acini as compared to 2D monolayers.
Increases in CFTR activity resulted in increased
E-cadherin forces, indicating that ionic gradients
affect cellular tension. Direct measurements of
pressure revealed that mature acini experience sig-
nificant internal hydrostatic pressure (37 ± 10.9 Pa).
Changes in CFTR activity resulted in pressure
and/or volume changes, both of which affect
E-cadherin tension. Increases in CFTR chloride
secretion also induced YAP signaling and cellular
proliferation. In order to recapitulate disruption of
acinar homeostasis, we induced epithelial-to-
mesenchymal transition (EMT). During the initial
stages of EMT, there was a gradual decrease in
E-cadherin force and lumen pressure that corre-
lated with lumen infilling. Strikingly, increasing
CFTR activity was sufficient to block EMT. Our
results show that ion secretion is an important
regulator of morphogenesis and homeostasis in
epithelial acini. Furthermore, this work demon-
strates that, for closed 3D cellular systems, ion
gradients can generate osmotic pressure or vol-
ume changes, both of which result in increased
cellular tension.
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INTRODUCTION

While some epithelial tissues exist as continuous sheets of cells,

in many organs, they form more elaborate three-dimensional

(3D) structures, such as tubes or ducts with single lumens that

transport gases and liquids. Epithelial cells cultured in reconsti-

tuted basement membranes or collagen gels spontaneously

form acini (also known as cysts or spheroids) with a single hollow

lumen that resembles 3D epithelial structures found in normal tis-

sue [1]. Acinar cells exhibit differences in both apical-basal polar-

ity and responses to growth factors when compared to cells

grown as 2D monolayers [1]. Differences in cell-cell junctions,

cytoskeletal organization, and nuclear shape [2] have also

been reported, suggesting that cellular response to mechanical

cues could be different in 3D acini.

Ionic gradients established across cellular membranes facili-

tate fluid secretion into epithelial lumens. The resulting hydro-

static pressure that arises from fluid influx has been identified

as a key regulator of embryogenesis and organ development

[3, 4]. Prior studies have established that a chloride channel

known as cystic fibrosis transmembrane conductance regulator

(CFTR) regulates the lumen size of epithelial acini [5, 6]. CFTR

contains numerous protein kinase A (PKA) and protein kinase

C (PKC) phosphorylation sites that regulate the activity of the

channel [7]. Based on the relationship between CFTR activity

and lumen size, it has been hypothesized that changes in apical

delivery of ions by pumps and channels would create an osmotic

pressure within the lumen of acini [8]. Recent computational

models of lumenogenesis have shown that hydrostatic pressure

(formed by the equilibrium of osmotic pressure, fluid influx, and

paracellular leak) contribute to lumen growth and homeostasis

[9, 10].

An essential aspect of 3D epithelial morphogenesis and ho-

meostasis is attributed to the formation and maintenance of

cell-cell junctions [11, 12]. E-cadherin has been shown to

mediate lumen formation in acinar structures [13, 14]. Modula-

tion of E-cadherin adhesion [15], and overexpression of

cadherin-6 have shown to impair tubulogenesis [13]. Significant

rearrangements in adherens junctions, desmosomes, and tight

junctions have been observed during tubulogenesis [16]. Lastly,

changes in expression of cell-cell adhesionmolecules have been
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established as one of the hallmarks of epithelial-to-mesen-

chymal transition (EMT) progression. Taken together, these ob-

servations point to cell-cell contacts as an important mediator

of acini homeostasis and morphogenesis.

Recent work by our group and others has shown that E-cad-

herin is subjected to significant mechanical force in 2D mono-

layers [17, 18]. Given the significant differences in epithelial cell

behavior between 2D and 3D, as well as the important role of

cell-cell contacts in 3D epithelial morphogenesis and homeosta-

sis, we hypothesized that the mechanical forces at adherens

junctions in 3D acini would be substantially different from the

forces in 2D monolayers. In this study, we used two approaches

to study the biomechanics of acini, using Madin-Darby canine

kidney (MDCK) epithelial cells as a model system. First, using

previously developed and validated fluorescence resonance en-

ergy transfer (FRET)-force biosensors, we observed a significant

increase in tension across E-cadherin in 3D acini compared to

2D monolayers. E-cadherin tension was proportional to CFTR

activity, indicating that ionic gradients increase mechanical

forces between cells. Second, using a micropipette device, we

directly measured the internal pressure in the lumen of acini.

Mature acini had substantial pressure (37 Pa), which was depen-

dent on CFTR activity. We also show that changes in osmotic

gradients are correlated to lumen formation, cell proliferation,

and EMT progression. Taken together, our data show that ionic

gradients induce cellular forces that regulate the morphogenesis

and homeostasis of epithelial acini.

RESULTS

Significant Mechanical Forces Are Present in Mature
Epithelial Acini
To study the cellular biomechanics of epithelial acini, we devel-

oped aMDCK-2 cell line stably expressing previously developed

E-cadherin [18]. The FRET biosensors use the TSmod sensor

(FiguresS1AandS1B),which has an inverse FRET-force relation-

ship [19]. Initial experiments were performedwith cells growing in

or on top of Matrigel in order to form acini and 2D monolayers,

respectively, over a period of 7 to 10 days. The acinar structures

consisted of a sphere with a single hollow lumen with distribution

of the E-cadherin force sensor similar to that of endogenous

E-cadherin (Figures S1C and S1D), which is consistent with

previous publications [20, 21]. Acini expressing the E-cadherin

tension sensor displayed reduced FRET compared to 2D mono-

layers grown on Matrigel, indicating an increase in force across

E-cadherin in 3D structures (Figure 1A). While we felt it best to

compare the biophysical behavior in 2D versus 3D using the

same matrix, we note that Matrigel is a soft matrix (estimated to

be 450 Pa) [22]. We have previously shown that cells grown on

1-kPa gels have reduced E-cadherin tension [17]; therefore, 2D

monolayer data in Figure 1A should not be compared to prior

2D work with cells cultured on plastic or glass [17, 18, 23]. Addi-

tionally, FRET measurements made using a force-insensitive

control for E-cadherin (EcadDcyto) did not show significant

differences in forces exerted across E-cadherin in 3D compared

to 2D structures (Figure 1B; Figures S1A and S1B).

To further confirm that reduced FRET in 3D conditions was

due to increased force, we performed a number of control exper-

iments. First, we examined whether the cell junction orientation
in 3D conditions (flipped 90� from 2D) contributed to the FRET

differences. We imaged both the equatorial and bottom regions

of individual acini, noting that the bottom regions of the acinus

were more similar to the junction orientation in 2D conditions.

There were no significant differences between equatorial and

bottom junctions in 3D acini (Figure 1C). Second, we considered

the possibility that changes in cadherin clustering could affect

intermolecular FRET (non-force FRET occurring between adja-

cent sensors). We developed a stable cell line expressing both

an E-cadherin tension sensor with a ‘‘dark’’ donor (mTFP1) and

also an E-cadherin tension sensor with a ‘‘dark’’ acceptor

(mEYFP) to measure intermolecular FRET, similar to [24]. Inter-

molecular FRET was only a minimal component of FRET, and

importantly, it did not change between 2D and 3D conditions

(Figure S1E).

We speculated that tension across E-cadherin would change

during the development of the acinus. We observed an increase

in E-cadherin tension from immature acini (day 3) to mature acini

(day 7) (Figure 1D). The increased forces correlated with the tran-

sition from a multiple lumen phenotype to the formation of a sin-

gle lumen.

CFTR Activity Regulates Mechanical Tension across
E-cadherin
To further test the hypothesis that ionic gradients affect E-cad-

herin tension, we examined how alterations in CFTR activity

affected E-cadherin tension. To activate CFTR, cells were

treated with forskolin (Fsk) to elevate cAMP (cyclic adenosine

monophosphate) levels. Elevated cAMP levels activate PKA,

ultimately leading to the activation of CFTR [25]. Fsk treatment

for 24 h resulted in a significant increase in mechanical tension

across E-cadherin (Figure 2A). In parallel experiments, we also

used CFTRinh-172 as a direct inhibitor of CFTR activity [26].

Treatment with CFTRinh-172 reduced force across E-cadherin

(Figure 2A). When cells were pre-treated with CFTRinh-172 prior

to the addition of Fsk, the force across E-cadherin was not

affected by Fsk (Figure 2A), confirming that the effect of Fsk on

E-cadherin force requires CFTR activity. Treatment of cells

with CFTRinh-172 after Fsk treatment did not completely reverse

the Fsk-induced increase in E-cadherin force (Figure S2A), sug-

gesting that established ionic gradients can persist in the

absence of CFTR activity. Furthermore, FRET measurements

made while using the force-insensitive control for E-cadherin

(EcadDcyto) did not show any significant differences in force

across E-cadherin in response to the activation and/or inhibition

of CFTR activity (Figure 2B).

To genetically increase CFTR activity, we knocked down

CSE1L, a known inhibitor of CFTR [27] (Figure S2D). After only

5 days, MDCK-2 cells expressing the E-cadherin tension sensor

module with reduced CSE1L had a larger lumen and higher

E-cadherin force compared to its non-silenced scramble control

(Figure 2C), in agreement with prior results [27]. Additionally,

treatment with CFTRinh-172 rescued the effects of CSE1L

knockdown, restoring E-cadherin forces to normal levels (Fig-

ure 2C). Acini with reduced CSE1L levels also had a multilayered

structure, likely attributed to other functions of CSE1L, such as

apoptosis [28] or cell polarity [29].

As an alternate approach to modulate the ionic gradient pre-

sent in the lumen, we used the inhibitor ouabain to inhibit the
Current Biology 30, 624–633, February 24, 2020 625
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Figure 1. Epithelial Acini Experience Significant Osmotic Stretch in 3D

MDCK-2 cells expressing the E-cadherin tension sensor modules were used in all experiments.

(A) Cells expressing the full-length E-cadherin tension sensor module were grown in Matrigel to form 3D acini or on top of Matrigel to form a 2D monolayer (scale

bar, 20 mm). The scatter dot plot shows FRET index measurements across multiple acini depicting a significantly higher force across E-cadherin in 3D acini as

compared to monolayers. The horizontal line (black) in the scatter dot plot denotes the median of the FRET index estimates, and the whiskers denote the largest

observation within 1.53 interquartile range (IQR) (representative data shown is from one experiment out of a total of three independent experiments performed on

separate days; *p < 0.05, Mann-Whitney test).

(B) FRET index measurements in the force-insensitive tailless control (EcadDcyto) shows no difference in force across E-cadherin in acini compared to

monolayers (scale bar, 20 mm). The horizontal line (black) denotes themedian of the FRET index estimates, and the whiskers denote the largest observation within

1.53 IQR (representative data shown are from one experiment out of a total of three independent experiments performed on separate days; N.S, not significant,

p > 0.05, Mann-Whitney test).

(C) FRET index measurements to analyze E-cadherin FRET based on cell-cell junction orientation in acini. Data shown as FRET index images and scatter dot plot

depicts no significant difference in FRET across cell-cell junctions in a bottom slice of the acinus compared to themiddle section (scale bar, 20 mm). The horizontal

line (black) denotes the median of the FRET index estimates, and the whiskers denote the largest observation within 1.5 3 IQR (representative data shown are

from one experiment out of a total of three independent experiments performed on separate days; *p < 0.05, one-way ANOVA test and Mann-Whitney test; N.S,

not significant, p > 0.05).

(D) Multiple acini expressing the full-length E-cadherin tension sensor showed a significant decrease in FRET on day 7 of acini morphogenesis (indicating higher

E-cadherin force), wherein acini exhibited single-lumen morphology as compared to day 3 on which amultiple lumen phenotype was depicted (scale bar, 20 mm).

The scatter dot plot of the FRET index measurements depicts a higher force (lower FRET) on day 7 as compared to day 3 of acini morphogenesis. The horizontal

line (black) denotes the median of the FRET index estimates, and the whiskers denote the largest observation within 1.53 IQR (representative data shown is from

one experiment out of a total of three independent experiments performed on separate days; *p < 0.05, Mann-Whitney test).

See also Figure S1 for validation of the tension sensor modules used in the experiments.
basal Na+/K+-ATPase pump, which is essential for regulating

solute and fluid transport into the cell and acinar lumen size

[30, 31]. Inhibition of the Na+/K+-ATPase via ouabain reduced

force across E-cadherin compared to the untreated control

(Figure 2D).

We also observed variation in the localization of E-cadherin

with a number of pharmacological treatments (Figures 2A and

2D). Masking of cells was carefully performed to remove

intracellular E-cadherin from FRET analysis. Minimal intermo-

lecular FRET was observed in all treatments with no significant

differences between groups (Figure S2B). Additionally, we also

examined the effects of Fsk, PKA agonist (8-bromo cAMP), and
626 Current Biology 30, 624–633, February 24, 2020
CFTRinh-172 in 2D monolayer cultures, which also similarly

affected E-cadherin localization and expression. These treat-

ments did not affect FRET in 2D monolayers (Figure S2C),

suggesting that a closed 3D system is necessary for these con-

ditions to affect force exerted across E-cadherin.

CFTR Activity Affects Acini Pressure and Deformability
To directly measure hydrostatic pressure within the acinar

lumen, we used a custom micropipette system in which the

relative internal lumen pressure of a single acinus was mea-

sured (see example trace in Figure S3A). In mature acini, we

measured pressure of 37 ± 10.9 Pa (Figure 3A). Inhibition of
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Figure 2. Osmotic Pressure Drives Force across E-cadherin in Epithelial Acini

MDCK-2 cells expressing the E-cadherin tension sensor modules were used in all experiments.

(A) Acini expressing the E-cadherin tension sensormodule were treatedwith Fsk (10 mM) for 24 h and showed significant decrease in FRET indicating higher force.

CFTRinh-172 treatment (10 mM) significantly reduced force across E-cadherin. The scatter dot plot shows FRET index measurements across multiple acini

depicting a significantly higher force across E-cadherin upon Fsk treatment over a period of 24 h as compared to the untreated control and acini that were

CFTR inhibited. Fsk treatment following CFTR inhibition seldom caused any change in the reduced force. The horizontal line (black) denotes the median of the

FRET index estimates, and the whiskers denote the largest observation within 1.5 3 IQR (representative data shown are from one experiment chosen from

a pool of three independent experiments performed on separate days; *p < 0.05; N.S, not significant, p > 0.05, one-way ANOVA and Mann-Whitney test). Scale

bar, 20 mm.

(B) Treatment of the truncated E-cadherin mutant (EcadDcyto) with Fsk and CFTR(inh)-172 for 24 h did not yield any significant changes to FRET when compared

to the untreated control (-,-), as shown in the FRET index images and scatter dot plot. The horizontal line (black) denotes the median of the FRET index

estimates, and the black whiskers denote the largest observation within 1.5 3 IQR (representative data shown are from one experiment chosen from a

pool of three independent experiments that were performed on separate days; N.S, not significant, p > 0.05, one-way ANOVA and Mann-Whitney test). Scale

bar, 20 mm.

(C) Significant increase in mechanical tension across E-cadherin (decreased FRET) and larger lumen size were detected in CSE1LKD (-CFTRinh, CSE1LKD)

compared to control cells that were infected with a non-targeting short hairpin RNA (shRNA) (-CFTRinh, SCR) as well as the CFTR-inhibited CSE1LKD control

(+CFTRinh, CSE1LKD), as shown in the scatter dot plot. The CFTR-inhibited control (+CFTRinh, CSE1LKD) was treated with the CFTR inhibitor (CFTR(inh)-172)

on day 0, with media replenishment containing CFTR(inh)-172 every day until the fifth day of acinar development. The horizontal line (black) denotes themedian of

the FRET index estimates, and the black whiskers denote the largest observation within 1.5 3 IQR (representative data shown are from one experiment chosen

from a pool of three independent experiments that were performed on separate days; *p < 0.05; N.S, not significant, p > 0.05, one-way ANOVA andMann-Whitney

test). Scale bar, 50 mm.

(D) Effect of Na+/ K+-ATPase inhibition on force across E-cadherin in epithelial acini. Acini treated with ouabain (Na+/ K+-ATPase inhibitor, 0.1 mM) showed

significant increase in FRET (reduced force across E-cadherin) 48 h post-treatment compared to the untreated control. The ouabain-treated acini exhibited

epithelial stratification, thereby showing a reduction in lumen size. The horizontal line (black) in the scatter dot plot denotes the median of the FRET index es-

timates, and the black whiskers denote the largest observation within 1.53 IQR (representative data shown are from one experiment chosen from a pool of three

independent experiments that were performed on separate days; *p < 0.05, Mann-Whitney test). Scale bar, 20 mm.

See also Figure S2, which shows how perturbation of CFTR activity can modulate tension across E-cadherin in glandular acini.
CFTR (CFTRinh-172) or the basal Na+/K+-ATPase (ouabain) for

24 h reduced pressure approximately 50% (Figure 3A; Fig-

ure S3B), indicating that ionic gradients significantly contribute

to lumen pressure. Surprisingly, the activation of CFTR via Fsk

or PKA agonist (8-bromo cAMP) for 24 h did not result in a signif-

icant increase in pressure (Figure 3A; Figure S3B). However,

treatment with Fsk resulted in a significant increase in lumen

diameter (Figures 3B and 3C). This suggests that further
increases in ionic gradients act to increase lumen size rather

than lumen pressure.

To further investigate whether ionic gradients had a significant

mechanical effect on the acinar structure, we compared the re-

sponses of control (�Fsk, �CFTR(inh)172), Fsk-treated (+Fsk,

24 h), and CFTRinh-172-treated (+CFTR(inh)172, 24 h) acini to

compression (Figure 3D; Figures S3C–S3H). We measured

both the deformation under compression and elastic recoil
Current Biology 30, 624–633, February 24, 2020 627
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Figure 3. CFTR Activity Affects Lumen Pressure and Deformability in Epithelial Acini

(A) Lumen pressure was directly measured in acini. Acini were cultured in Matrigel until they reached a luminal diameter of approximately 200 mm, and then

pressure was measured following culture for 24 h in media containing Fsk (10 mM), CFTR inhibitor (CFTR(inh)-172, 10 mM), and vehicle control (DMSO). At least 5

acini were measured for pressure in all three cases (*p < 0.001; N.S, not significant, p > 0.05, one-way ANOVA, Tukey honestly significant difference [HSD] test).

(B) MDCK-2 acini grown in Matrigel, on 8-well chamber slides for 6 days, were imaged prior to treatment, and the same acinus was located post the 24-h Fsk

(10 mM) and 24-h CFTR(inh)-172 (10 mM) treatment for lumen area changes. Representative image shows the central cross-section of acini with the lumen

circumference outlined (white). Scale bars, 50 mm.

(C) Percent change in luminal area depicts a significant increase in luminal size after 24 h of Fsk treatment and a significant reduction in size after 24 h of CFTR(inh)-

172 treatment, compared to the untreated control. At least 15 acini were scored for each group over two independent experiments (*p < 0.001, paired t test).

(D) Significant reduction in circularity upon compression of acini expressing the E-cadherin tension sensor module with a 20-g calibrated weight, and higher

elastic recoil to the original shape was observed in the untreated group ([-] CFTRinh-172) compared to the Fsk-treated (+Fsk; 24 h) and the CFTR-inhibited

(+CFTR(inh)-172; 24 h) groups. -20gwt indicates prior to compression, +20gwt denotes compression with weight, and postremoval denotes recovery after

removal of weight. Data represent paired analysis (13 acini were scored for each group for all three cases; *p < 0.001, paired t test).

Refer to Figure S3 to see how lumen pressure and acinar plasticity are affected through modulation of CFTR activity.
when the weight was removed to qualitatively assess the role of

internal pressure in mediating the spherical shape. We observed

larger deformations for control acini during compression

(measured as changes in circularity and mean edge strain,

respectively) (Figure 3D; Figures S3D, S3G. and S3H) as

compared to acini treated with Fsk and CFTRinh-172 (Figures

S3E, S3F,and S3H). Additionally, we observed reduced recoil

(measured as circularity) for CFTR-inhibited acini as compared

to control and Fsk-treated acini (Figure 3D; Figure S3H). The

lack of recoil in the CFTR-inhibited acini, the reduced deforma-

tion in Fsk-treated acini, and the increased circularity in uncom-

pressed Fsk-treated acini indicate that lumen pressure is impor-

tant for maintaining acinar shape and elasticity and for resisting

deformation by external forces.

Osmotic Stretch Regulates E-cadherin-Force-Induced
Proliferation
Based on prior studies, we hypothesized that the increased ten-

sion across E-cadherin, as a result of ionic gradients, induces

proliferation in an E-cadherin-dependent manner [32]. To assess

cellular proliferation, acini were stained with Ki-67. Fsk induced
628 Current Biology 30, 624–633, February 24, 2020
nuclear localization of Ki-67 between 24 and 48 h in the non-

transfected parental MDCK-2 acini. Ki-67 expression, however,

was minimized in cells expressing a cytoskeletal decoupled

‘‘tailless’’ E-cadherin (EcadDcyto) (Figure 4A; Figures S1A and

S1B), indicating that cytoskeleton-connected E-cadherin is

necessary for the response. Acini treated with Fsk for a period

of 6 h showed a significant increase in positive YAP1 nuclear

staining as early as 6 h compared to the control (Figures 4C

and 4D). Fsk also did not increase Ki-67 as well as YAP1 expres-

sion in 2D monolayers (Figures S4A–S4D), indicating that the

Fsk-mediated effects require a 3D environment to induce prolif-

eration. Lastly, knockdown of CSE1L to increase CFTR activity

also increased Ki-67 and YAP1 expression compared to the

non-silenced control (Figures 4B, 4E, and 4F).

Mechanical Force across E-cadherin Is Downregulated
during EMT Progression
Because EMT is known to affect acinar lumen morphology by

inducing lumen filling, we wanted to understand how force ex-

erted on E-cadherin is affected during the early stages of EMT,

prior to downregulation of E-cadherin. First, we observed that
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Figure 4. Osmotic Pressure Regulates Cellular Proliferation in an E-cadherin-Dependent Manner
MDCK-2 cells were used in all experiments.

(A) MDCK-2 parental cells were Ki-67 (red) positive after 48 h of treatment with Fsk. Fsk treatment of EcadDcyto-expressing cells and CFTR inhibition did not

induce cellular proliferation. Actin-488 was used to stain the actin cytoskeleton (green), and the nuclei were counterstained with Hoechst 33342 (blue). Quan-

tification of immuno-positive nuclei (Ki-67) normalized against the total nuclei count is as shown. Representative data show the central cross-section of acini with

and without treatment. At least 30 acini were scored over three independent experiments. Mean ± SEM is indicated. *p < 0.001, one-way ANOVA, Tukey (HSD)

test. Scale bar, 20 mm.

(B) Cells with CSE1L knockdown had increased Ki-67 (red) staining as compared to scramble control (SCR) cells. All acini were fixed on day 5 and co-stained for

actin (green), and the nuclei (blue) were counterstained with Hoechst 33342 (scale bars, 20 mm). Quantitative analysis of the number of proliferating cells as

indicated by positive Ki-67 nuclear staining depicts a higher proportion of proliferating cells in the CSE1LKD compared to its non-silenced scramble control.

Representative data show the central cross-section of acini with and without treatment. At least 30 acini were scored over three independent experiments.

Mean ± SEM is indicated. *p < 0.001, Student’s t test.

(C)MDCK-2 parental cells showed an increase in nuclear YAP localization (red) as early as 6 h post-treatment with forskolin. Representative data show four cross-

sections of the acinus (from top to center) indicating active-YAP localization. The nuclei (blue) were counterstained with Hoechst 33342. Scale bars, 20 mm.

(D) Quantification of immuno-positive nuclei (YAP1) normalized against the total nuclei count depicts a higher proportion of stretch-induced cells in the Fsk-

treated group (+Fsk; 6 h) as compared to the untreated control (�Fsk). About 40 acini were scored over three independent experiments. Mean ± SEM is indicated.

*p < 0.001, one-way ANOVA, Tukey (HSD) test.

(E) Cells with CSE1L knockdown (CSE1LKD) had increased YAP1 (red) staining as compared to scramble control (SCR) cells. Representative data show three

cross-sections of the acinus (from top to center) indicating active-YAP localization. All acini were fixed on day 5, and the nuclei (blue) were counterstained with

Hoechst 33342 (scale bars, 50 mm).

(F) Quantitative analysis of the number of YAP-positive nuclei as indicated by positive YAP nuclear staining depicts a higher proportion of stretch-induced cells in

the CSE1LKD as compared to its non-silenced scramble control (SCR). At least 30 acini were scored over three independent experiments. Mean ± SEM is

indicated. *p < 0.001, Student’s t test.

Refer to Figure S4 to see how osmotic pressure-driven stretch is absent in epithelial monolayers.
mechanical force across E-cadherin, measured via FRET ratio

analysis (Figures 5A and 5B) was gradually reduced over the

course of 48 h of transforming growth factor b1 (TGF-b1)-

induced EMT. We also observed a decrease in tensile force

exerted across E-cadherin during EMT progression in 2D mono-

layers (Figure S5A). Measurement of lumen pressure showed an

approximately 50% decrease in acini after 24 h of TGF-b1 treat-

ment (Figure 5C). To test the hypothesis that higher forces

exerted on E-cadherin might prevent progression through

EMT, we pre-treated the cells with Fsk prior to TGF-b1
treatment. Fsk prevented TGF-b1-induced changes in lumen

morphology; force across E-cadherin; and expression of N-cad-

herin, a-smooth muscle actin, vimentin, and E-cadherin (Figures

5D–5F; and Figures S5B and S5C). Additionally, Fsk treatment

also minimized Twist nuclear localization (Figure S5D), suggest-

ing that TGF-b signaling is also regulated by changes in osmotic

gradients. Because cAMP signaling has been shown to affect

EMT [33], we compared the effects of PKA and Epac1 agonists

on monolayers and acini to decouple the effects of osmotically

driven stretch (present in acinar structures) from signaling effects
Current Biology 30, 624–633, February 24, 2020 629
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Figure 5. Force across E-cadherin Is Reduced during EMT Progression

(A) Time course of TGF-b1 treatment shows a gradual decrease in force across E-cadherin. Separate acini (expressing the E-cadherin tension sensor module)

were imaged for each case (scale bar, 20 mm).

(B) FRET index measurements as depicted in the scatter dot plot showed significant reduction in force across E-cadherin after 24 and 48 h of TGF-b1 treatment

(2 ng-mL�1) in the E-cadherin tension sensor module. The horizontal line (black) denotes the median of the FRET index estimates, and the black whiskers denote

the largest observation within 1.53 IQR (representative data shown are from one experiment chosen from a pool of at least three independent experiments that

were performed on separate days; *p < 0.05; N.S, not significant, p > 0.05, one-way ANOVA and Mann-Whitney test).

(C) Acini were cultured in Matrigel until they reached a luminal diameter of approximately 200 mm, and then pressure was measured following culture for 24 h in

TGF-b1 (2 ng-mL�1) and vehicle control (DMSO). At least 5 acini were measured for pressure in both cases (*p < 0.001, Student’s t test).

(D) Treatment of E-cadherin tension sensor module acini simultaneously with 10 mMFsk (beginning 30min prior to 48 h of 2 ng-mL�1 TGF-b1 treatment) prevented

the decrease in force across E-cadherin (as depicted by reduced FRET index) and preserved the single-lumen morphology (scale bar, 20 mm).

(E) Mechanical tension across E-cadherin is significantly increased (decreased FRET index) with simultaneous treatment with Fsk, as shown in the scatter dot

plot. The horizontal line (black) denotes the median of the FRET index estimates, and the black whiskers denote the largest observation within 1.5 3 IQR

(representative data shown are from one experiment chosen from a pool of three independent experiments that were performed on separate days; *p < 0.05,

Mann-Whitney test).

(F) Simultaneous treatment with 10 mM Fsk prevented TGF-b1 (2 ng-mL�1) induced expression of N-cadherin (red) as well as acinar luminal filling (performed on

the non-transfected parental MDCK-2 cells). Scale bar, 20 mm.

(G) The CSE1LKD prototype of the non-transfected parental MDCK-2 cell-line displayed minimal N-cadherin (red) expression at the cell-cell junctions in the

presence of TGF-b1 (2 ng-ml�1) for 48 h, compared to its non-silenced scramble control (SCR) that was characterized by acinar luminal filling and increased

N-cadherin expression (scale bars, 20 mm).

(H) Quantification of the CSE1LKD prototype for single-lumen morphology in the presence of TGF-b1 (2 ng-mL�1) for 48 h. The majority of the CSE1LKD acini

exhibited single lumens in the presence of TGF-b1 as opposed to its non-silenced scramble control. At least 15 acini were scored.

See also Figure S5 to further understand how increased CFTR activity blocks EMT progression in epithelial acini.
(present in bothmonolayers and acini). Epac1 activation blocked

TGFb1-inducedN-cadherin expression in both 2D and 3D condi-

tions, suggesting that its effects are independent of osmotic

pressure (Figures S5E and S5F). However, activation of PKA

with 6-Bnz-cAMP (an agonist that selectively activates cAMP-

dependent PKA but not Epac signaling pathways [34]) blocked

EMT in 3D but not 2D conditions, indicating that its effect on

EMT is likely due to increased osmotic pressure (Figures S5E

and S5F). Knockdown of CSE1L also prevented TGFb1-induced

expression of N-cadherin and lumen filling in acini (Figures 5G

and 5H).
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DISCUSSION

It is well established that epithelial acini behave differently

than 2D epithelial monolayers, which includes changes in

morphology, apico-basal polarity, and responses to growth fac-

tors [1, 2]. In addition, innovative work by Valerie Weaver’s group

has shown that acini are responsive to changes in the extracel-

lular environment [35]. However, it is not yet well understood

how cells in acini experience and generate forces, particularly

when grown in soft/compliant matrices like Matrigel. Tradition-

ally, resistance from substrate stiffness is thought to be



necessary for cells to generate large forces. Our data suggest

that hydrostatic pressure can serve a similar resistance function,

acting as a balance for intracellular myosin forces.

Our work in this study demonstrates that epithelial acini have

significant lumen pressure and that this pressure (sensed as

tensile forces by cells) affects the morphogenesis and homeo-

stasis of acini. Our work in this paper adds to a growing body

showing that pressure impacts cellular behavior. Within individ-

ual cells, changes in intracellular pressure have already been

shown to be important for driving cell rounding during mitosis

[36] and cell migration [37]. Likewise, forces from inter-blasto-

coelic hydrostatic pressure have shown to be important for

fibronectin fibril assembly [38], formation and positioning of

the blastocoel [39], and the control of blastocyst size [40].

Perhaps, most directly related to our studies of epithelial cells

is a recent report showing the regulation of branching morpho-

genesis by transmural pressure in a developing lung [3]. Our

study clearly demonstrates that mechanical forces (between

and within cells) are affected by changes in ion secretion (Fig-

ure 2). Additionally, a recent report showed that basally formed

hemicysts (also known as epithelial domes) also experience sig-

nificant hydrostatic pressure [41]. The contribution of ionic gra-

dients (osmotic pressure) to cellular forces should, therefore, be

considered in any closed 3D cellular system in which fluid is

present.

A number of studies have established that CFTR activity regu-

lates the lumen size of epithelial acini [5, 6]. Based on the rela-

tionship between CFTR activity and lumen size, a previous

hypothesis was that increases in apical delivery of ions by pumps

and channels increase pressure within the lumen [8]. As indi-

cated in Figure 3, by directly measuring pressure, we are able

to directly demonstrate that CFTR chloride secretion contributes

to the formation of lumen pressure, providing experimental

validation of this prior hypothesis. Interestingly, further increases

of CFTR did not result in increased lumen pressure, despite

increasing E-cadherin force (Figure 2). Instead, increased

CFTR activity resulted in a large increase in lumen size. Accord-

ing to the physical principle known as the law of Laplace, an in-

crease in circumferential tension (E-cadherin force) can occur

from either increased pressure or increased lumen volume. How-

ever, because the cells in the wall can also actively respond in

ways to affect both pressure (e.g., ion secretion, changes in bar-

rier function) and wall expansion (e.g., cell division, cytoskeletal

changes, myosin contractility), the physical principles governing

pressure, circumferential tension, and lumen expansion, and

their correlations are likely more complex than predicted by the

law of Laplace.

Given our observation of a plateau in pressure, it is tempting to

speculate that acini may possess an internal pressure set point,

which is mediated through an active feedback mechanism in

which circumferential tension regulates cellular expansion

(through changes in cellular elasticity, contractility, and cellular

division), thereby establishing a homeostatic equilibrium. The

mechanisms that could actively regulate acini expansion are

not yet clear. Of note, recent work by Xavier Trepat’s group

has shown that epithelial cell expansion is not homogeneous

and that some cells may possess super-elastic properties, al-

lowing for some cells to rapidly expand into a super-stretched

state [41]. It will be interesting to determine how cellular changes
can affect the relationship between pressure, tension, and

expansion during more complex 3D morphological changes,

such as tubulogenesis or branching morphogenesis.

Interestingly, despite mature acini being relatively homeo-

static, our data also show variations in internal pressure (ranging

from 21 to 49 Pa) (Figure 3A) and E-cadherin FRET measure-

ments. We hypothesize that the pressure and circumferential

tension of epithelial acini may be dynamic, being affected by a

number of processes that occur even in mature acini (cell divi-

sion, apoptosis, lumen size, paracellular leak, and changes in

ion secretion).

Our work identifies the adherens junction as a potential sensor

of tension arising from CFTR-driven ionic gradients. E-cadherin

forces appear necessary for epithelial cells to respond to

changes in osmotic pressure, including cellular proliferation (Fig-

ure 4). We also want to note that our 3D studies of CFTR-induced

proliferation (Figure 4) complement a number of existing studies

by JamesNelson’s group, in which it was shown that mechanical

forces across E-cadherin are responsible for stretch-induced

proliferation of epithelial 2D monolayers [32]. Given recent

work by this group showing that increased tension on E-cadherin

orients the direction of cell division [42], it is an attractive hypoth-

esis that osmotic-pressure-induced E-cadherin forces could be

a principal mechanism for maintaining the symmetric division of

cells in acini.

Although our data support the hypothesis wherein circumfer-

ential stretch is sensed by the adherens junction, other

mechanosensitive structures could ultimately be the primaryme-

chanosensor. Our efforts tomanipulate ionic gradients likely also

affect forces across other structures in the cell-cell junction,

such as desmosomes [43] and tight junctions [44], as well as

other cytoskeletal connected structures, such as focal adhe-

sions [19] and/or the nuclear LINC (linker of nucleoskeleton

and cytoskeleton) complex [45].

Our finding of reduced force on E-cadherin, as well as lumen

pressure, during the earliest stages of EMT (Figures 5A–5C) is

surprising, given prior work suggesting that higher external

forces (e.g., matrix stiffness) and intracellular forces (e.g., myosin

contractility) promote EMT [35, 46, 47]. However, these prior re-

sults are not necessarily contradictory to our observations;

rather, it is possible that EMT induces a transfer of force from

cell-cell junctions to cell-matrix adhesions. Our findings are

also supported by recent work showing that hepatocyte growth

factor (HGF) stimulation (also known to induce EMT) decreases

E-cadherin force [23]. In addition, it may be necessary to reduce

force across E-cadherin to induce disassembly of adherens

junctions, as E-cadherin has been shown to exhibit catch bond

behavior [48]. Interestingly, loss of CFTR activity has also been

shown to promote EMT [49]. Our work, along with other reports

[50], indicates that cellular tension is an important factor in the

propensity of cells to undergo EMT.

In conclusion, we show that epithelial acini experience signif-

icantly higher forces across E-cadherin, when grown in 3D,

which arise from the effect of ionic gradients in the closed lumen.

These forces are necessary for the formation and homeostasis of

epithelial acini. Force biosensors such as TSmod are well suited

for the study ofmechanical forces in acinar structures and can be

applied in future studies involving more complex 3D cellular

systems.
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Rabbit polyclonal anti-Ki67 Thermo Fisher Scientific Cat# PA5-19462; RRID: AB_10981523
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Rabbit polyclonal anti-CSE1L Bethyl Laboratories Cat# A300-473A; RRID: AB_451008
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CFTRinh 172 Tocris Cat#3430

Ouabain Tocris Cat#1076

8-Bromo-cAMP, sodium salt Tocris Cat#1140
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8-pCPT-2-O-Me-cAMP-AM Tocris Cat#4853

Recombinant Human TGF-b1 R&D Systems Cat#240-B-002
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MDCK-2 Gifted by Rob Tombes (VCU Biology) N/A

Recombinant DNA

Full length canine E-cadherin TSmod Gifted by Alex Dunn [18] N/A

Canine E-cadherin EcadDcyto Gifted by Alex Dunn [18] N/A

Full length canine E-cadherin TSmod, dark mTFP1

(Y72L in mTFP1)

Generated by site directed mutagenesis N/A

Full length canine E-cadherin TSmod, dark mEYFP

(Y66L in mEYFP)

Generated by site directed mutagenesis N/A

lentivirus shRNA canine CSE1L Gifted by Michel Bagnat [27] N/A

non-silencing scramble shRNA pLKO.1 Gifted by Michel Bagnat [27] Addgene#1864

Software and Algorithms

ImageJ [51] https://imagej.nih.gov/ij/

R Software [52] https://www.R-project.org/
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Stable cell lines
To generate stable cell lines expressing canine full-length E-cad TSmod, and EcadDcyto, cells were transfected with lipofectamine

2000 and selected using 500 ug/ml G418 (ThermoFisher). Full-length canine E-cad TSmod and EcadDcyto, consisting of a modified

TSmod (eYFP A206K instead of venus A206K) were gifted by Alex Dunn [18]. Dark mTFP1 and dark mEYFP versions of E-cad TSmod

for intermolecular FRET controls were generated by site directedmutagenesis to change a single tyrosine (equivalent to Y66 in eGFP)

to leucine [24].

ShRNA knockdown
CSE1L was knocked down using lentivirus shRNA canine CSE1L (pLKO.1 vector, sequence CCGG CCCTGCTGCTGTTGTAAAT

CTCGAG ATTTACAA CAGCAGCAGGGTTTTTG, gift of Michel Bagnat) [27]. The non-silencing scramble shRNA pLKO.1 (addg-

ene #1864, gift of Michel Bagnat) was used as a control. Cells were infected and then selected with 1.0 ug/ul puromycin. Knockdown

was verified by western blotting, using rabbit CSE1L antibody (A300-473A, Bethyl Laboratories). Because CSE1L knockdown was

not found to be stable, cells were used within 2-4 passages of infection.

Cell culture and drug treatment
Madin-Darby canine kidney cells (MDCK-2) were a gift from Rob Tombes (VCU Biology) and were maintained in high glucose DMEM

(ThermoFisher) to which was added 10% fetal bovine serum (ThermoFisher) and 1% penicillin/streptomycin (ThermoFisher) under

standard cell culture conditions. Madin-Darby canine kidney cells (MDCK-2) were grown in MatrigelTM for 7-10 days to form acini

using the protocol of Debnath et al. [53]. Phenol-free reduced growth factor reduced MatrigelTM (Corning) was used for all 3D acini

experiments. For experiments involving immunofluorescence staining, 8-well chamber slides were used (Lab-Tek, Rochester, NY)

and for live-cell imaging experiments p-35 10 mm glass bottom dishes (#1.5 glass, Cell Vis, Mountain View, California). The pipettes

and centrifuge tubes used for MatrigelTM and preparation of the seeding media were kept at 4�C. The matrigel bed was created from

45 mL of MatrigelTM, maintained at 4�C, followed by incubation at 37�C for 30 minutes to allow cross-linking of the gelatinous protein

mixture [53]. The cells were sub-cultured and re-suspended in media and MatrigelTM and added to the chamber slides or glass bot-

tom dishes. Cells were then incubated at 37�C for a period of 7-10 days, with media replacement every 3 days. Because CSE1L

knockdown cells developed larger lumens in a shorter time span, these acini were imaged at an earlier time point (5 days), as indi-

cated. For perturbation of CFTR activity, Forskolin (Tocris Bioscience, UK), the chloride channel inhibitor CFTRinh-172 (Tocris Biosci-

ence, UK), Epac1 activator 8-pCPT-2-O-Me-cAMP-AM (Tocris Bioscience, UK), and protein kinase A activators; 8-Bromo-cAMP,

sodium salt and 6-Bnz-cAMP, sodium salt (Tocris Bioscience, UK) were each used at a working concentration of 10 mM in all exper-

iments. To inhibit the basal Na+/K+-ATPase pump, Ouabain (Tocris Bioscience, UK) was used at a working concentration of 0.1 mM in

all experiments. For experiments involving EMT induction, recombinant human TGF-b1 (R&D systems) was used at a concentration

of 2 ng/ml in all experiments.

METHOD DETAILS

Seeding in MatrigelTM for 3D live FRET imaging
For live-cell imaging experiments, p-35 10 mm glass bottom dishes (#1.5 glass, Cell Vis, Mountain View, California) were used. In

order to compare FRET-based force measurements in epithelial acini, 50 mL of MatrigelTM maintained at 4�C was used to create

the matrigel bed, in such a way that the bed is thicker at the center and thinner along the rim of the p-35 10mm glass cut-out dishes.

By tapering the bed toward the rim starting from the center in a circular pattern, a gradient in depth is created such that acini are

formed in the areas that are deep enough for the cells to burrow in as a result of matrigel overlay. At the same time, the thinner areas

of the bed form monolayers, thereby preventing acini formation, and were used for 3D versus 2D comparison studies. The matrigel

bed was allowed to solidify as a result of cross-linking of the gelatinous protein mixture by incubation at 37�C for 30 minutes. The

pipettes and centrifuge tubes used for MatrigelTM, and preparation of the seeding media were precooled at 4�C. The cells were

sub-cultured and re-suspended in media and MatrigelTM, and about 300 ul of the seeding media containing the cells was added

onto the 10mm cut-out area of the glass bottom dishes. DMEM media replenished with FBS and pen-strep was added 1-2 hours

later and the dishes were incubated at 37�C for a period of 7-10 days, with media replacement every 3 days.

FRET imaging and analysis
Living cells in glass bottom dishes expressing the force sensors were imaged using a plan-apochromat 40x water immersion NA 1.1

objective lens on an inverted Zeiss LSM 710 laser scanning microscope (Oberkochen, Germany). All the images were acquired at

458 nm excitation wavelength from an argon laser source. Using the online-unmixing mode, both mTFP1 (donor) and mEYFP

(acceptor) channels were collected via spectral unmixing as previously described [45].

Intensity images were further processed and analyzed using a custom Python code, which involved background subtraction and

removal of saturated pixels, as previously described [45]. For each dataset, the data was acquired for at least 7-8 epithelial acini.

Images were masked manually on ImageJ (Fiji). Because it is difficult to discern from the confocal image section if the E-cadherin

is truly basal (or out of plane lateral), due to the acinus orientation in matrigel, all of the E-cadherin-positive cell membranes were
Current Biology 30, 624–633.e1–e4, February 24, 2020 e2



included in masked images. For some datasets, a more stringent masking approach (in which only obvious lateral junctions were

masked) was employed compared to the more lenient masking (in which all E-cadherin-positive cell membranes were included).

While it was observed that the strict masking approach was more precise, data presented in this manuscript are from images that

were masked so as to include all possible E-cadherin-positive cell membrane.

The FRET index images were obtained by taking the ratio of the acceptor fluorophore channel (mEYFP) to the donor fluorophore

channel (mTFP1), which was then multiplied with the binary imagemasks that outlined the cell-cell junctions in order to inspect FRET

pixels of interest. When comparing multiple groups, all pixels of interest were aggregated following which, an upper and lower bound

for the intensity was chosen in order to exclude dim pixels. Low intensity/dim pixels can bias the FRET index due to noise and auto-

fluorescence, and bright pixels, on the other hand, can bias the FRET index due to detector saturation, as previously described by

Arsenovic et al. [45]. The upper and lower bounds on the intensity were chosen based on the slope of the FRET index versus intensity

behavior such that the plateau region of the plot is isolated and the same intensity bounds are applied to all groups in an experiment to

prevent the choice of bounds from affecting the relative differences between groups.

Immunostaining
Immunofluorescence experiments were performed using the 8-well chamber slides. Antibodies used were: mouse monoclonal anti-

N-Cadherin (clone 32, BD Biosciences, working dilution 1:200), rabbit polyclonal anti-Twist1 (ABD29, EMDMillipore, working dilution

1:50), rabbit monoclonal anti-E-Cadherin (24E10, Cell Signaling Technology, working dilution 1:200), rabbit polyclonal anti-CSE1L

(A300-473A, Bethyl Laboratories, working dilution 1:1000), mouse monoclonal anti-a-Smooth Muscle Actin (A5228, Sigma-Aldrich,

working dilution 1:200), mouse monoclonal anti-Vimentin (sc-32322, Santa Cruz Biotechnologies, working dilution 1:200), mouse

monoclonal anti-YAP (sc-101199, Santa Cruz Biotechnologies, working dilution 1:100; and M01, clone 2F12, Abnova, working dilu-

tion 1:100), and rabbit polyclonal anti-Ki67 (PA5-19462, Thermo Fisher Scientific; and ab15580, Abcam; working dilution 1:500). Cells

were fixed with 2% para-formaldehyde in Ca2+PBS and incubated at 37�C overnight. The samples were then rinsed thrice with PBS-

glycine (0.1M) to quench the aldehyde groups and permeabilized with 0.5% Triton X-100 (Sigma) for 30 minutes, followed by three

additional 0.1M PBS-glycine rinses and blocking with 5%BSA (Sigma), all at room temperature. Primary antibodies were added and

incubated at 4�C overnight and allowed to return to room temperature prior to the next series of steps that were performed in the dark

at room temperature. Following three PBS rinses, the relevant secondary antibodies; Alexa Fluor 568 donkey anti-rabbit antibody,

Alexa Fluor 647 donkey anti-mouse antibody (Thermo Fisher Scientific, working dilution 1:250), and Alexa Fluor 647 chicken anti-rab-

bit antibody, Alexa Fluor 488 goat anti-rabbit antibody (Molecular Probes, working dilution 1:250) were added and incubated at room

temperature for one hour. In the indicated experiments, acini were co-stained with Acti-stain 488, phalloidin (Cytoskeleton, Inc.) and

Hoechst 33342 (Thermo Fisher Scientific). Slides were mounted and imaged with a Zeiss LSM 710 confocal laser-scanning

microscope.

Western Blotting
For the immunoblot, cells were plated on six wells and allowed to grow to confluency following which, the protein was extracted

through cell lysis and quantified. Standard polyacrylamide gel electrophoresis and western blot procedures were employed using

the BioRad Trans-Blot 20 Mini-Protean Tetra System, 4%–20% bis-acrylamide crosslinked gels, and polyvinylidene fluoride

(PVDF) microporous membranes. Analysis of protein expression was conducted using either chemiluminescent images of PVDF

membranes captured on the BioRad ChemiDoc Touch Gel Imaging System and associated Image Lab software.

Acini Pressure Measurements
Luminal pressure of MDCK acini was measured using a micropipette connected to a pressure transducer, as adapted from Jelinek

and Pexiedner [54]. Briefly, borosilicate glassmicropipettes were pulled to an internal diameter of 40-45 mmwith a 30� beveled tip and

connected via polyethylene tubing to a differential pressure transducer (Honeywell; CPCL04DFC). A signal conditioner (Omega;

DMD4059-DC) was used to amplify the transducer signal, and a data acquisition module (National Instruments; USB-6009) and

custom LabVIEW program were used to record voltage over time. The transducer was calibrated using a water manometer and

all data were processed in MATLAB.

MDCK-2 acini were cultured on MatrigelTM in PDMS wells adhered to glass coverslips until a diameter of approximately 200 mm

was achieved. Upon growing to the appropriate size, acini were treated with DMSO (control), forskolin (10 mM), or CFTRinh-172

(10 mM), PKA (10 mM), Ouabain (0.1 mM) and TGF- b1 (2 ng/ml) for 24 hours. Following culture, the micropipette tip was inserted

into each spheroid after a five-minute voltage baseline was collected. The luminal pressure was recorded for at least five minutes

before the micropipette was removed and pressure was recorded as the average pressure value over the time period. Pressures re-

ported are relative pressures; the internal lumen pressure being relative to the pressure at the same height in themedia outside of the

acinus.

Acini size measurement
MDCK-2 acini were cultured in MatrigelTM and analyzed for luminal size changes upon forskolin treatment over a period of 24 hours

compared to the untreated control. 53 5 grids were drawn out on the base of the 8-well chamber slides prior to seeding in order to aid

in locating the same acinus over a 24-hour time frame. Themajor andminor axes were recorded using ImageJ and the corresponding

elliptical area measurements for the central cross-section of an acinus was calculated. The percentage change in area (before and
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after treatment) compared to the untreated control, was recorded and graphed inMicrosoft excel. Since the same acinuswas imaged

over a period of 24 hours, a paired Student’s t test statistical analysis was performed using the R software.

Acini compression
MDCK-2 cells expressing the wild-type E-cadherin sensor was allowed to form into acini over a period of 7 days in glass bottom p-35

dishes (as described in Seeding in MatrigelTM for 3D live FRET imaging). Spheroids closer to the 10mm cut-out wall were located

using the Zeiss LSM 710 confocal laser-scanning microscope, with an image captured of the acinus prior to compression. The

located acinus was compressed using a calibrated 20 g weight by applying it onto the matrigel bed, perpendicular to the xy-plane

(Figure S3C). Acini compression was accomplished by moving the weight along the x- direction, against the 10mm cut-out wall. The

linear force used to move the weight was applied by hand. A second image was captured of the same acinus while compressed. In

order to detect the recoil, the weight was moved away, and a third image of the unloaded acinus was acquired. Each image was

processed using Fiji (ImageJ), and area outlines as well as circularity measurements were obtained as a result, which included

the major and minor axes measurements. The circularity measurements recorded for the two experiments involving the untreated

control (- Fsk, CFTR(inh)172), CFTR-inhibited (+ CFTR(inh)172, 24h) and the forskolin-treated (+ Fsk, 24h) acini were plotted on

MS Excel (Figures S3D, S3E and S3F).

To measure strain during compression and with release of compression, the (x,y) coordinates of 24 points were captured around

the circumference of the acini with points 1, 7, 13, 19 at the four major poles and 5 points equidistant in between, using Fiji (xyclick

macro). The mean edge strain was determined using MATLAB based on coordinate geometry, and the (x,y) points were aligned

based on acini centroid and by eye tominimize overall difference between conditions (compression and release). Root mean squared

displacements between conditions were then determined and averaged for acini (Figures S3G and S3H).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was measured using unpaired, two-tailed Student’s t test, two-tailed Mann-Whitney test and the Analysis of

Variance (ANOVA) test. The One-way ANOVA test was followed by a further comparison of the groups using the Tukey (HSD) test so

as to obtain significant differences between multiple groups, if any. In the case of observations that are paired and imaged under

varying conditions, a paired t test was conducted to obtain statistical significance. All statistical tests were conducted at a 5% sig-

nificance level (p < 0.05). The R statistical software was used for statistical analyses.

DATA AND CODE AVAILABILITY

All data and code supporting the findings of this study are available from the corresponding author upon request.
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