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SUMMARY

The ability of cancer cells to deform and generate force is implicated in metastasis. We previously showed

that β-adrenergic agonists increase cancer cell stiffness, which was associated with enhanced motility

and invasion. Here, we investigate how β-adrenoceptor (βAR) activation alters the mechanical behaviors of

triple-negative breast cancer cells. We find that βAR activation increases traction forces in metastatic

MDA-MB-231HM and MDA-MB-468 cells, but not in non-tumorigenic MCF10A cells. Using computational

modeling, we show that βAR activation increases the number of active myosin motors via myosin light chain

phosphorylation. To identify molecular regulators, we use a deformability assay to screen for pharmacologic

and genetic perturbations. Our results define a βAR-RhoA-ROCK-non-muscle myosin II (NMII) signaling axis

that modulates the mechanical behaviors of MDA-MB-231HM and MDA-MB-468 cells. These findings provide

insight into how stress signaling regulates cancer cell mechanics and suggest potential targets to block

metastasis in triple-negative breast cancer.

INTRODUCTION

Cellular mechanical behaviors are implicated in multiple steps of

the metastatic cascade. The ability of cancer cells to deform and

generate physical forces is required during intravasation as can-

cer cells escape from the primary tumor.1 Indeed, cancer cells

that exhibit increased traction forces tend to be more invasive.2

Various factors in the tumor microenvironment are known to

modulate cancer cell mechanical behaviors, including soluble

and mechanical cues. In response to growth factors such as

TGF-β, cancer cells increase their stiffness3 and traction forces.4

Mechanical cues, such as increased matrix stiffness in tumors,

also cause cancer cells to increase their force production.2 Cells

can rapidly modulate their mechanical behaviors in response to

extrinsic factors through changes in post-translational modifica-

tions, intracellular tension, and cytoskeletal organization.5,6

Changes in mechanical behaviors can also be induced by altered

gene expression, albeit on longer timescales of hours to days.7

While various soluble and mechanical cues are known to regu-

late cancer cell mechanical behaviors,4,8–11 a complete mapping

of mechanical regulators could provide fundamental insights into

cancer progression and metastasis.

The catecholamine stress hormones, epinephrine and norepi-

nephrine, are critical regulators in physiology and disease. Acute

iScience 28, 112676, June 20, 2025 © 2025 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ll
OPEN ACCESS

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:takim@salud.unm.edu
mailto:rowat@ucla.edu
https://doi.org/10.1016/j.isci.2025.112676
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.112676&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


psychological stress rapidly increases local or circulating plasma

concentrations of catecholamines, which results in increased

activation of β-adrenoceptors (βAR); these G-protein coupled re-

ceptors are expressed in many types of cancers.12–14 We previ-

ously discovered that activation of βAR regulates the deformabil-

ity of a range of cancer cell types from breast to prostate, making

cells stiffer or less deformable; this stiffer mechanotype induced

by βAR activation is associated with increased cell motility and

invasion.15 The increased invasion of cancer cells induced by

βAR activation is consistent with preclinical findings that activa-

tion of βAR signaling in response to agonists or physiological

stress drives metastasis of breast cancer in mouse models.16–18

Moreover, prospective clinical trials show that blocking βAR

signaling with the clinically used β-blocker propranolol reduces

biomarkers for metastatic potential and recurrence in breast

cancer patients,19,20 and also improves survival in melanoma pa-

tients.21 Retrospective studies also suggest the protective ef-

fects of β-blockade as indicated by increased survival of breast

cancer patients who coincidentally were taking β-blockers at the

time of cancer diagnosis.22–24 Population-based cohort studies

further show that long-term use of β-blockers is associated

with reduced breast cancer-specific death25 and improved sur-

vival in triple-negative breast cancer (TNBC) patients.26 If we

could define the molecular and biophysical mechanisms of

βAR regulation of cancer cell mechanical behaviors, this would

enable us to predict and control how cells sense and respond

to stress hormone cues and also design more effective strate-

gies to treat cancer.

The effects of βAR activation on cellular force generation and

motility have been shown to vary across cell types. βAR agonists

increase the contractility of cardiac myocytes27 but cause relax-

ation of human airway smooth muscle cells.28 Across epithelial

cells, βAR activation increases the migration of bovine bronchial

epithelial cells29 but decreases migration in corneal epithelial

cells and keratinocytes.30–32 As the architecture of signaling

pathways can differ across cell types,33 it remains unclear how

mechanical behaviors of breast cancer cells are modulated in

response to βAR cues. Previous studies provide some clues

into mechanisms of how βAR activation mediates cellular me-

chanical behaviors. We previously showed that βAR signaling

in breast cancer cells increased cell stiffness and invasion due

to activation of βAR at the cell surface by soluble agonists, and

these changes in mechanical behaviors require filamentous (F-)

actin, non-muscle myosin II (NMII) activity, and calcium.15,34 In

renal cancer cells, βAR activation has been shown to increase

RhoA activity via RhoGEF signaling, and thereby increase the

number of focal adhesions.35 By contrast, in airway smooth mus-

cle cells, βAR activation can reduce cellular contractility by

decreasing myosin light chain (MLC) phosphorylation through

either a βAR-cAMP-PKA axis that inhibits RhoA36 or by reducing

myosin light-chain kinase (MLCK) activity in a Ca2+/calmodulin-

dependent manner.37 Taken together, these findings highlight

the different mediators involved in translating βAR activation

into changes in cellular mechanical behaviors, and reveal the

gap in mechanistic knowledge of how breast cancer cells

respond to stress hormone cues.

Here, we define the molecular mediators that regulate the me-

chanical behaviors of breast cancer cells—including traction

stresses, deformability, and invasion—in response to βAR acti-

vation. We focus our studies on the TNBC cell lines including

the highly metastatic variant MDA-MB-231HM and MDA-MB-

468 cells, as well as the non-tumorigenic MCF10A cells. To

investigate how soluble βAR agonists regulate cellular mechani-

cal phenotype, we measure key mechanical behaviors of breast

cancer cells including cellular traction forces, or the magnitude

of physical forces that cells exert on their substrate; levels of

NMII activity, which are associated with cellular force produc-

tion; and cellular deformability, which we define as the ability

of cells to deform through micron-scale pores in response to

applied pressure. To gain mechanistic insights into how βAR

activation increases cellular traction forces, we use a computa-

tional model to determine the effects of βAR activation on the

mechanisms of actomyosin-mediated force generation,

including the number of NMII that interact with actin filaments

to generate forces. To identify molecules that mediate the

βAR-induced changes in cellular mechanical behaviors, we use

a high throughput filtration platform, called parallel microfiltration

(PMF), to screen the effects of pharmacologic and genetic per-

turbations on whole cell deformability. Finally, we assess the

role of the identified molecular mediators in βAR-induced cancer

cell motility by measuring the in vitro invasion of breast cancer

cells using a 3D scratch wound assay. Our findings establish

βAR-RhoA-ROCK-NMII as a signaling axis that mediates the

traction forces, deformability, and invasion of MDA-MB-231HM

and MDA-MB-468 breast cancer cells.

RESULTS

βAR signaling modulates breast cancer cell mechanical

behaviors

Our previous findings showed that different types of cancer

cells—including breast, ovarian, prostate, and melanoma—

become less deformable or stiffer with βAR activation.15 In the

current study, we aimed to determine how βAR regulates cellular

traction stresses and define the mechanism of βAR-induced

changes in tumor cell mechanical behaviors.

Since βAR activation alters the contractility of cardiac myo-

cytes and human airway smooth muscle cells,27,28 and more

invasive cancer cells tend to have increased traction forces

compared to less invasive cells,2 we test the effects of βAR

signaling on cellular force generation. To quantify cellular trac-

tion forces, we use two complementary traction force micro-

scopy (TFM) methods: TFM-Pillars and TFM-Beads Assays

(Figure 1A). To assess how βAR activation impacts cellular trac-

tion forces, we seeded MDA-MB-231HM cells on an array of elas-

tomeric pillars (TFM-Pillars assay) and treated cells with the βAR

agonist isoproterenol for 24 h, as described in our previous

work.15 To quantify traction forces, we tracked displacements

of gold microdisks embedded on the tips of the pillars. We found

that activation of βAR signaling in MDA-MB-231HM cells with

isoproterenol for 24 h resulted in a ∼2-fold increase in median

traction forces from ∼2 nN to ∼4 nN per pillar (p < 0.0001); this

increase in cellular traction forces was abrogated by the

β-blocker propranolol. Propranolol itself had no effects on base-

line cellular traction forces compared to vehicle (Figures 1B and

1C). To assess how βAR activation affects cellular traction forces
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Figure 1. βAR activation results in increased cellular force generation

(A) Schematic illustration showing the traction force microscopy (TFM) assays. (i) TFM-Pillars Assay. Gold disks (yellow) are embedded on top of poly-

dimethylsiloxane (PDMS) pillars to facilitate imaging lateral displacements due to cellular traction forces. (ii) TFM-Beads Assay. Gold nanoparticles (yellow) are

embedded in a PDMS matrix to facilitate imaging lateral displacements due to cellular traction forces.

(B) Representative images of MDA-MB-231HM cells on micropillars with superimposed vector force map. Color scale indicates the force per pillar. Scale, 4 μm.

(C) Traction forces of MDA-MB-231HM cells using TFM-Pillars assay after treatment for 24 h with: vehicle, Veh; βAR agonist isoproterenol, Iso (100 nM); βAR

antagonist propranolol, Pro (10 μM); or 100 nM Iso and 10 μM Pro. Each dot represents an individual pillar from at least 16 single cells across 3 independent

experiments. Bars show the median; error bars represent standard error.

(D) Representative images from traction force measurements of TNBC and MCF10A cells treated with isoproterenol (Iso) for 24 h using the TFM-Beads assay.

Each arrow indicates the direction of force and the color gradient corresponds to the magnitude of stress. Scale: 10 μm.

(E) Quantification of traction forces. Each data point represents the average traction force per bead for an individual cell, which is averaged over multiple beads

that are within the boundary of each individual cell. Data shown here represent at least 7 individual cells across 3 independent experiments. Bars show the

median; error bars represent standard error.

(legend continued on next page)
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across other TNBC cells, we measured traction stresses of

MDA-MB-468 cells as well as the non-tumorigenic MCF10A

mammary epithelial cells by tracking displacements of gold

nanoparticles embedded in an elastomeric substrate (TFM-

Beads assay). To capture changes in contractility induced by

βAR activation signaling rather than by changes in the expres-

sion level of βAR—which can be downregulated after 24 h of

activation38—we measured traction stresses at an earlier 2 h

timepoint. With both TNBC cells after 2 h of isoproterenol treat-

ment, we found that activation of βAR signaling resulted in an in-

crease in cellular traction forces. The MDA-MB-468 and MDA-

MB-231HM cells showed the most significant >1.5-fold increase

in median traction force (Figures 1D and 1E). By contrast, the

non-tumorigenic MCF10A cells showed no significant increase

in contractility after βAR activation (Figures 1D and 1E). The dif-

ferential response in cellular traction forces across cell lines

could result from differences in basal expression levels of

β-adrenergic receptors. We previously determined that β2AR,

which is encoded by ADRB2, is the predominant subtype in

MDA-MB-231HM cells, and β2AR is required for cell stiffness

changes induced by βAR activation.15 However, we did not

observe any statistically significant differences in levels of

ADRB2 transcripts between MCF10A and the TNBC cells, while

MCF7 cells show lowest expression level (Figures 1H and S2A).

Taken together, the trend of increased traction forces with βAR

activation is consistent across timepoints, TFM assays, and

TNBC cancer cell lines.

Since traction forces are regulated by NMII activity, we next

measured phosphorylation of myosin light chain 2 (MLC2), which

regulates NMII motor activity, the formation of myosin filaments,

and actin-myosin crosslinking.39 Both mono-phosphorylation,

pMLC2 (S19), and di-phosphorylation, ppMLC2 (T18/S19), of

MLC2 are associated with increased NMII activity and show

similar kinetics upon activation.40 We focused our studies on

MLC2 phosphorylation in MDA-MB-231HM cells, which showed

the greatest change in contractility and deformability in response

to βAR activation (Figure 2B). We found increased levels of

pMLC2 at 2 h and up to 48 h after βAR activation, suggesting

that βAR activation induces a sustained increase in NMII activity

(Figure 1F). We also found that βAR activation by isoproterenol

resulted in a concentration-dependent increase in the phosphor-

ylation of MLC2 at 2 h (Figure 1G). With the same 100 nM isopro-

terenol concentration that induced an increase in cellular traction

forces, we observed a ∼13-fold increase in MLC2 phosphoryla-

tion relative to total MLC2. Since βAR activation resulted in

increased contractility and MLC2 activity of breast cancer cells

compared to MCF10A cells (Figures 1D and 1E), we next as-

sessed levels of transcripts for cellular contractility media-

tors—including non-muscle myosin heavy chains (MYH9,

MYH10, and MYH14) and light chains (MYL9, MYL12A, and

MYL12B)—in publicly available RNA-seq datasets for MDA-

MB-231 and MCF-10A cells.41 We found that MYH9 encoding

NMIIA and MYL9 encoding MLC2 were expressed at signifi-

cantly higher levels in MDA-MB-231 compared to MCF10A

(Figures S2D and S2E).

We next assessed the effects of βAR activation on the deform-

ability of the breast tumor cells, MDA-MB-231HM, versus the

non-tumorigenic mammary epithelial cells MCF10A following

treatment with the βAR agonist isoproterenol. To measure

whole-cell deformability, we used the PMF method that we pre-

viously developed,42 which measures the ability of whole cells to

passively deform through 10 μm pores on the timescale of sec-

onds. Less deformable cells are more likely to occlude the pores,

resulting in reduced filtration and increased retention of the cell

suspension in the top well (Figure 2A). We focused our studies

of βAR activation on the deformability of cells treated using

100 nM isoproterenol, which we previously found induces

maximal changes in deformability of MDA-MB-231HM cells15

and is below 1 μM isoproterenol that has been reported to

reduce the proliferation of MDA-MB-231 cells.43 Our findings

show that the highly metastatic MDA-MB-231HM cells showed

an increase in retention with 100 nM isoproterenol treatment

(Figure 2B); this was consistent with our previous reports.15 By

contrast, we found no significant changes in the retention of

MCF10A cells following βAR activation. We also did not observe

any significant changes in cell or nuclear size across treatment

conditions (Figures S1A and S1G), indicating that the observed

differences in retention of MDA-MB-231HM cells with isoproter-

enol treatment were not due to changes in cell size. We found

no significant differences in cell viability or apoptosis

(Figure S3), thereby excluding cell death or apoptosis as the

origin of the altered cell deformability. We also found that the

increased retention caused by isoproterenol was abrogated by

treatment with the βAR antagonist propranolol, confirming that

isoproterenol is acting through βAR (Figure 2B). These findings

suggest that βAR activation alters the deformability of MDA-

MB-231HM cells but not of non-tumorigenic MCF10A cells.

βAR activation increases cellular force generation by

enhancing actin-NMII binding

To gain mechanistic insight into how stress hormones regulate

cellular mechanical behaviors, we employed a computational

model44 which integrates chemo-mechanical regulation of the

following elements: (1) individual myosin motors as they

interact with associated actin filaments; (2) focal adhesion for-

mation between substrate-bound integrin, talin, and vinculin-

capped actin filaments; (3) force generation via myosin interac-

tions with integrin-bound actin filaments; (4) force transmission

(F) Western blotting against mono-phosphorylated myosin light chain 2 (pMLC2), non-phosphorylated MLC2, and GAPDH from MDA-MB-231HM cells treated

with 100 nM of isoproterenol for up to 48 h. Quantification of band intensity for pMLC2/MLC2 was normalized to 0 h sample.

(G) Western blotting against di-phosphorylated MLC2 (ppMLC2), non-phosphorylated MLC2, and GAPDH after MDA-MB-231HM cells were treated with

increasing concentrations of isoproterenol for 2 h. The ratio of ppMLC2 to MLC2 was normalized to vehicle control.

(H) Expression levels of ADRB2 transcripts in TNBC, MCF10A, and MCF7 cells measured by qRT-PCR. Images in (A) are adapted from Servier Medical Art by

Servier and are published a Creative Commons BY license (https://creativecommons.org/licenses/by-nc/3.0/). Unless otherwise stated, all error bars represent

mean ± s.e.m (N = 3). *p < 0.05; **p < 0.01; ***p < 0.001 [one-way ANOVA with Tukey’s test (F–H) and statistical significance in (C and E) is determined using a

permutation test to evaluate the difference in medians between control and treatment conditions. *p < 0.05].
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across the focal adhesion to the substrate; and (5) force-

dependent dynamics of focal adhesion disassembly via the

breaking of integrin-substrate catch-slip bonds. Additional

key features and the underlying equations that describe the in-

teractions between the various elements of the model are pro-

vided in the STAR Methods (Equations 1, 2, 3, 4, 5, 6, 7, and 8).

Using this model, we estimated the force in individual actin-

myosin filaments over time as they bind, tug, and unbind

from surface bound integrins (Figure S6). We also determined

the net traction force per unit area generated within focal adhe-

sions over time. The effect of isoproterenol on traction force

generation is assessed by calculating the ratio of transition

rates of myosin motors between an inactive state and an active

state from the experimentally determined ratios of ppMLC/MLC

(Figure 1D; Equation 1 in STAR Methods). Increasing isoproter-

enol concentration from 0 to 1,000 nM resulted in a 4-fold in-

crease in the number of NMII that are actively interacting with

actin filaments and generating forces (Figure 3B). Conse-

quently, the net predicted traction force per unit area also

increased by approximately 2.5-fold for isoproterenol concen-

trations >10 nM (Figure 3C), in close quantitative agreement

with the experimental traction force data (Figures 1B and 1C).

This increase in net traction force is an outcome of a 5-fold in-

crease in the force generated within each individual actin-

myosin filament due to higher numbers of interacting NMII

per filament in response to βAR, and a slight decrease in the

focal adhesion lifetimes connecting the filaments to the sub-

strate (Figures 3D and S5A–S5C).

To illustrate how this mechanism of cellular force generation

contrasts the cellular response to matrix stiffness, which is es-

tablished to increase cellular traction forces,45,46 we used the

same model to predict traction forces with increasing substrate

stiffness (increasing the value of effective kspring in the model).

We observed that with increasing substrate stiffness, the

increased traction forces at focal adhesions result from a stron-

ger force generated within a single actin filament due to

increased cooperativity between the motors while the number

of interacting motors remains the same (Figures S4A–S4C and

S5D–S5F).44,47 These observations are consistent with previous

models of cellular traction force generation with increasing sub-

strate stiffness.48

While this minimal model neglects downstream effects of

focal adhesion signaling in modeling the response to cells to

both βAR activation and matrix stiffness, the results obtained

are aligned with the experimental observations of βAR activa-

tion, indicating that we are capturing the predominant mecha-

nisms of traction force generation. Both modeling and experi-

mental data show increased cellular traction forces in 2D

(Figures 1 and S5A); and the increase in myosin-generated

force per individual actin filament should translate to increased

contraction and migration speed in 3D environments, as our

previous work shows.49 Taken together, these data from both

computational modeling and experiments substantiate that

βAR activation increases force generation in MDA-MB-231HM

breast cancer cells by MLC2 phosphorylation and a conse-

quent increase in the number of active motors per actin

filament.

βAR signaling alters cell deformability through a RhoA-

ROCK-NMII axis

To begin to dissect the molecular mechanisms underlying how

βAR increases NMII activity to regulate breast cancer cell me-

chanical behaviors, we tested the role of specific kinases that

may be involved in βAR regulation of NMII activity using

pharmacologic inhibitors. We activated βAR signaling while

simultaneously inhibiting the activity of three kinases that

are well-characterized regulators of NMII activity: Rho-

Associated Kinase (ROCK), Myosin light-chain kinase

(MLCK), and p21-activated kinase 1 (PAK1), using the phar-

macologic inhibitors Y27632, ML-7, and IPA-3. We used

PMF to rapidly assay effects of these perturbations on βAR

regulation of the deformability of MDA-MB-231HM cells.42 Acti-

vating βAR by isoproterenol treatment resulted in a significant

increase in retention (as in Figure 2B). However, when ROCK

was inhibited by Y27632, isoproterenol treatment did not

cause any significant increase in retention, suggesting that

ROCK activity is required for the βAR-induced decrease in

cellular deformability. By contrast, when MLCK and PAK1

were inhibited by ML-7 and IPA-3, we still observed a statisti-

cally significant increase in retention following isoproterenol

treatment (Figure 4A). Taken together, these findings indicate

that ROCK is a major contributor to the βAR-induced changes

Figure 2. βAR activation results in

decreased cancer cell deformability

(A) Schematic illustration showing the PMF assay.

Suspensions of cells were loaded into the top well

separated with porous membranes from the bot-

tom well.

(B) Filtration measurements by PMF reveal cellular

deformability of non-transformed epithelial cells

(MCF10A) versus triple-negative breast cancer

cells (MDA-MB-231) and the highly metastatic

variant of MDA-MB-231 cells (MDA-MB-231HM)

after treatment for 24 h with: vehicle, Veh; βAR

agonist isoproterenol, Iso (100 nM); βAR antago-

nist propranolol, Pro (10 μM); or 100 nM Iso and

10 μM Pro. All error bars represent mean ± s.e.m

(N = 3). *p < 0.05; **p < 0.01; ***p < 0.001 [one-way

ANOVA with Tukey’s test]. Images in A are adapted from Servier Medical Art by Servier and are published under a Creative Commons BY license (https://

creativecommons.org/licenses/by-nc/3.0/).
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in cellular deformability. We validated these findings by treat-

ing cells with increasing concentrations of isoproterenol in the

presence of each myosin kinase inhibitor; the βAR-induced in-

crease in retention was fully blocked only when ROCK activity

was inhibited by Y27632 (Figures 4B–4D). We observed similar

effects with the ROCK inhibitor, g-H-1152, which has higher

specificity for ROCK than Y2763250 (Figure 1E). Across all

treatments, we found no significant differences in cell viability

or apoptosis (Figure S3), which can result in increased cell

stiffness.51 We further assessed myosin activity by measuring

pMLC2 levels in MDA-MB-231HM cells after βAR activation

with or without inhibition of each myosin kinase using western

blotting. Consistent with the PMF data, we observed that βAR-

induced myosin activation was blocked most significantly

when ROCK was inhibited (Figures 4E and 4F), suggesting

that ROCK is required to translate βAR signaling into changes

in cancer cell mechanical behaviors. These results show that

ROCK activity is required for βAR regulation of the deformabil-

ity of MDA-MB-231HM cells, indicating the role of ROCK in

mediating the mechanical behaviors of MDA-MB-231HM cells

with βAR activation.

We next investigated the role of RhoA—a canonical up-

stream regulator of ROCK and NMII activity—in regulating

βAR-induced changes in cellular deformability using genetic

Figure 3. βAR activation increases the number of NMII motors interacting with F-actin to yield increased traction force generation

(A) A stochastic Monte Carlo model is used to simulate the state transitions and force generation in actin-myosin filaments that are transferred to the substrate via

integrins. Schematic shows actomyosin complex attaching to integrin on the cytosolic side. Endogenous forces affect integrin bond lifetime, which is modeled by

a spring with catch-slip dynamics.

(B) Simulations predict the number of active NMII motors per actin filament (for a maximum of 60 NMII per actin filament and 120 actin filaments per μm2) with

increasing concentrations of isoproterenol, [Iso]; 0 nM isoproterenol is vehicle control.

(C) Traction forces per μm2 predicted by simulation are normalized to vehicle control.

(D) Kymographs show simulated forces at focal adhesions. Each row represents an individual actin-myosin filament and summation over all 120 filaments (rows)

represents the total traction force at time (t). Color map gradient shows magnitude of force generated at focal adhesion.
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and pharmacological approaches. RhoA regulates actomyosin

contractility and stress fiber formation via effector proteins,

ROCK1/2 and DIA1/2.52,53 Knockdown of RhoA by two

different siRNAs (siRhoA-1 and siRhoA-2) reduced protein

levels by ∼70% (Figures 5A and 5B). Cells with RhoA knock-

down did not show any observable increase in retention

following βAR activation (Figure 5C); these findings were

consistent with the effects of ROCK inhibition (Figures 4A,

4B, and S1E). To activate RhoA, we treated cells with Rho

Activator II, CN03, which specifically activates Rho GTPase

isoforms; Rac1 and Cdc42 GTPases are not affected. Indeed,

cells treated with increasing concentrations of CN03 showed

increased retention, indicating decreased deformability

(Figure 5D). No differences in cell size were observed after

CN03 treatment (Figure S1F). To determine if differences in

expression of mediators in the RhoA-ROCK-NMII axis could

contribute to the observed differential response in cellular me-

chanical behaviors, we analyzed publicly available gene

expression data. Gene expression analysis revealed higher

transcript levels of RHOA in MDA-MB-231 than MCF10A cells,

with no significant differences in ROCK1 and ROCK2 expres-

sion levels (Figures S2B and S2C). A higher basal expression

of RHOA could also contribute to a stronger activation of a

βAR-RhoA-ROCK axis in TNBC cells compared to non-tumor-

Figure 4. βAR-induced changes in cellular

deformability require ROCK activity

(A) Cell filtration measurements by PMF with

simultaneous βAR activation by isoproterenol (Iso)

and suppression of myosin activity by pharmaco-

logical inhibitors, Bleb, blebbistatin (10 μM);

Y27632 (10 μM); ML-7 (10 μM); and IPA-3 (10 μM).

Cells were co-treated with inhibitors and isopro-

terenol for 24 h prior to filtration measurements.

(B–D) Filtration measurements with increasing

concentration of isoproterenol with or without

NMII-regulating kinase inhibitors.

(E) Western blotting against phosphorylated MLC2

(pMLC2), non-phosphorylated MLC2, and GAPDH.

(F) Normalized ratio of pMLC2 to MLC2 levels after

MDA-MB-231HM cells were treated with isopro-

terenol with or without inhibition of ROCK (Y27632),

MLCK (ML7), and PAK1 (IPA3). Data represents 3

independent experiments. n.s.: not significant,

*p < 0.05; **p < 0.01; ***p < 0.001 [one-way ANOVA

with Tukey’s test].

igenic cells. Since ROCK phosphory-

lates the myosin binding subunit of

myosin phosphatase and inhibits phos-

phatase activity resulting in increased

levels of phosphorylated MLC, which in-

creases NMII activity, we next assessed

the effects of direct inhibition of

NMII activity by treating cells with bleb-

bistatin prior to isoproterenol treatment;

this also resulted in no significant

change in retention, which is consistent

with our previous report15 (Figure 4A).

Taken together, our findings support

that βAR activation alters breast cancer cell deformability

through a RhoA-ROCK-NMII axis.

βAR signaling regulates cancer cell invasion through a

RhoA-ROCK-NMII axis

Since cellular mechanical behaviors including motility

contribute to tumor cell invasion which is important in cancer

metastasis,15,54–56 we next investigated the role of a RhoA-

ROCK-NMII axis in regulating the βAR-induced changes in

the invasion of breast cancer and non-tumorigenic mammary

epithelial cells. To simulate invasion through the tissue environ-

ment and validate our findings in a 3D context, we used a 3D

Matrigel scratch wound assay.15,57 We found that isoproterenol

treatment resulted in increased invasion of MDA-MB-231HM

cells compared to vehicle treated cells (Figures 6A–6C, 6E,

7A, and 7B); this finding was consistent with our previous

studies.15 By contrast, the invasion of MCF10A cells with βAR

activation was not significantly altered (Figures 7C and 7D).

With inhibition of NMII activity (blebbistatin) or ROCK

(Y27632), βAR activation had no observable effects on the inva-

sion of MDA-MB-231HM cells (Figures 6A–6C and 6E). We next

tested the effects of RhoA on βAR modulation of cancer cell in-

vasion. We found that RhoA is required for the βAR-mediated

increase in cell invasion (Figures 6B and 6D): siRhoA
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knockdown blocks the increased invasion with isoproterenol

treatment (Figure 6F); consistent with this finding, RhoA activa-

tion by CN03 increased the invasion of MDA-MB-231HM cells

(Figures 7A and 7B). Simultaneous activation of βAR and

RhoA with isoproterenol and CN03 co-treatment did not show

any synergistic effects on invasion, suggesting that RhoA is a

downstream effector in βAR-induced cell invasion. By contrast,

activation of βAR signaling in MCF10A cells resulted in no

change in cell invasion (Figures 7C and 7D), consistent with

our traction force (Figures 1D and 1E) and deformability results

(Figure 2B). Surprisingly, RhoA activation by CN03 in MCF10A

cells resulted in decreased cell invasion (Figures 7C and 7D).

Since cell proliferation can also impact wound closure rates

in this 3D invasion assay, we measured changes in cell conflu-

ence over the experimental timescale of 48 h but found no sig-

nificant changes across inhibitor treatments and RhoA knock-

down (Figures S1B and S1C). These findings demonstrate

that the increased invasion by βAR activation in MDA-MB-

231HM cells is associated with the changes in cellular mechan-

ical behaviors—reduced deformability and increased contrac-

tility—that are mediated by ROCK, RhoA, and NMII activity.

The breast cancer cell line MDA-MB-468 shows similar

increased traction forces with βAR activation. Further studies

will confirm how these findings can be extended to other sub-

types of breast cancer cells, and more broadly other types of

cancers.

DISCUSSION

Here, we show that a βAR-RhoA-ROCK-NMII axis plays a central

role in how MDA-MB-231HM breast cancer cells translate soluble

stress hormone cues into changes in cellular mechanical behav-

iors, including their contractility and deformability, as well as in-

vasion (Figure 8). We also show that βAR signaling increases

Figure 5. RhoA contributes to βAR regula-

tion of cellular deformability

(A) Confirmation of siRNA knockdown of RhoA by

western blotting. GAPDH is loading control.

(B) Ratio of RhoA to GAPDH normalized to control

siRNA (siCon).

(C) Cell filtration with PMF after 100 nM of

isoproterenol treatment for 24 h in control and

RhoA knockdown cells.

(D) Cell filtration with PMF after increasing con-

centration of Rho activator, CN03, treatment for

4 h. Multiple comparisons from ANOVA test were

made by comparing the mean of each treatment

with the mean of Veh treatment. All experiments

were performed 3 times (N = 3). n.s.: not signifi-

cant, *p < 0.05; ***p < 0.001 [one-way ANOVA with

Tukey’s test].

traction force generation in the additional

TNBC cell line, MDA-MB-468. Further

validation with additional TNBC cell lines

and patient samples will determine how

broadly βAR activation mediates the

mechanical behaviors of TNBC cells. By

contrast, we find that non-tumorigenic mammary epithelial

MCF10A cells do not show any change in traction forces or de-

formability with βAR activation.

Mechanistically, our findings show that βAR agonists increase

cellular force production through a RhoA-ROCK–dependent in-

crease in MLC2 phosphorylation and increase in the number of

NMII motors engaged with actin; this mechanism contrasts the

increased force production in response to increased matrix stiff-

ness, which occurs due to increased forces generated by indi-

vidual actin filaments independently of the number of active mo-

tors. The ability of cells to increase force production through two

separate yet complementary mechanisms could enable them to

independently tune force production to achieve enhanced sensi-

tivity and/or dynamic range in response to combinations of

external cues.

The βAR-RhoA-ROCK-NMII axis is one of a growing number of

axes that are recognized to modulate cellular mechanotype.58,59

A RhoA-ROCK axis has been implicated in how tumor cells

remodel their tumor microenvironment,60 resist fluid shear

stresses,61 and sense matrix stiffness through integrin

signaling.62 ROCK is also involved in how cancer cells sense

and respond to the increased matrix stiffness that results from

fibrosis and cancer-associated fibroblast contractility.63 It will

be important to further define the extent to which βAR activation

of the RhoA-ROCK signaling axis compares to other growth fac-

tor or GPCR signaling pathways. For example, we showed that

elevated levels of intracellular cAMP by high extracellular

glucose increased the stiffness and motility of human TNBC

cell lines.11 Since βAR also increases intracellular cAMP levels,15

we speculate that any upstream signaling events that utilize

cAMP as a secondary messenger may regulate cell mechanical

behaviors via a RhoA-ROCK axis in a cell type-dependent

manner. Other essential factors in the tumor microenvironment

such as epidermal growth factors can also modulate cancer
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cell mechanical behaviors including local cell elasticity, actin

cytoskeleton architecture, and cell migration.10 It will be inter-

esting in future work to define the interplay among multiple sig-

nals that activate RhoA-ROCK64 to regulate cancer cell behav-

iors in the complex tumor microenvironment.

To gain mechanistic insight into how βAR activation increases

cellular force generation, we applied a detailed chemo-mechan-

ical model of actin-myosin force generation and cellular traction,

which fully captures the observed βAR-induced increase in

cellular traction forces. Further extensions of the model could

predict the effects of soluble cues on more complex cellular

behaviors such as motility and bi-directional cell-matrix interac-

tions. Indeed, previous studies report that βAR activation im-

pacts focal adhesion kinase (FAK) activity65 and focal adhesion

size,17 suggesting there may be interplay between βAR signaling

and cell-matrix interactions that are mediated through integrins.

It will thus be valuable to determine how mechanical cues—such

as integrin engagement66,67 and/or spatial distribution of adhe-

sions—might impact the sensitivity of cells to soluble stress hor-

mone cues.

Our findings provide mechanistic insight into the relationship

between cell contractility, deformability, and invasion. We posit

that cancer cells tend to be inherently more deformable at base-

Figure 6. NMII, ROCK, and RhoA activity are

required for the increased invasion of MDA-

MB-231HM cells due to βAR activation

(A and B) Representative images from a 3D

scratch wound invasion assay. The confluent cells

appear gray; the scratch wound is teal; and the

cells that enter the scratch wound are represented

with purple. Drugs were added at time 0: isopro-

terenol (Iso, 100 nM), NMII inhibitor blebbistatin

(Bleb, 10 μM), and ROCK inhibitor Y27632 (10 μM).

Transfections were performed 72 h prior to time

0 h of the invasion assay. Scale: 300 μm.

(C and D) Relative wound density as a function of

time. Relative wound density is defined as the area

of cells in the newly healed scratch wound region

(purple) compared to the area of the initial scratch

wound (teal at time 0 h).

(E and F) Relative wound density at 48 h. Unless

otherwise indicated, all comparisons were made

to vehicle control (Veh). All experiments were

performed 3 times (N = 3). n.s.: not significant,

*p < 0.05; **p < 0.01; ***p < 0.001 [one-way ANOVA

with Tukey’s test].

line compared to non-transformed cells:

Malignant transformation is typically

accompanied by major changes in cyto-

skeletal remodeling, which render cells

more deformable. In many contexts,

more invasive cancer cells tend to

be more deformable, as shown across

pancreatic, breast, and ovarian cancer

cell lines.54–56,68–71 These findings are

consistent with our observations that

without any βAR perturbation, MDA-MB-

231HM cells are more deformable

(Figure 2B) than the non-tumorigenic, less invasive MCF10A

cells. Upon βAR activation, the increased NMII activity and force

generation causes MDA-MB-231HM cells to be transiently stiffer

and more invasive. By contrast, MCF10A cells show no signifi-

cant change in force generation or deformability with βAR activa-

tion. We postulate that the higher transcript levels of key regula-

tors of cellular contractility—including RHOA and non-muscle

myosin (MYH9 and MYL9)—in MDA-MB-231 cells compared to

MCF10A cells may contribute to the change in cellular mechan-

ical behaviors elicited by βAR activation (Figures S2B–S2E).

While our findings here suggest that increased NMII activity

contributes to the simultaneous increase in cell stiffness and in-

vasion, this mechanism is likely to be also context dependent.

Different types of cells may utilize different mechanisms to regu-

late their force generation or deformability; for example, MCF10A

cell stiffness is sustained by actin polymerization, whereas the

stiffness of MDA-MB-231 cells is largely determined by myosin

II activity.72 Cells can also rely on different modes or mecha-

nisms of invasion, some of which require NMII activity, but others

that utilize other force-generating mechanisms involving Arp2/3

or formins.73–77 Thus, while we found that βAR activation

enhanced RhoA-ROCK signaling to increase breast cancer cell

invasion, βAR activation may have reduced effects on invasion
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when cells rely on a different mode of motility, such as Arp2/3-

dependent invasion.78 Analysis of expression levels of ‘‘mecha-

nome’’ proteins that regulate mechanical processes may provide

further mechanistic insight into the differential effects of βAR

activation on different cell types. Considering that cell invasion

typically occurs over timescales of ∼1–100 h, which is similar

to timescales of protein level changes, βAR regulation of proteins

that determine cell-matrix interactions (such as integrins) or that

degrade the extracellular matrix (such as matrix metalloprotei-

nases, MMPs), could also contribute to cell invasion.79 It will

be important in future studies to prioritize factors that regulate

cellular mechanical behaviors upon βAR activation from tran-

scriptional and post-translational levels to functional behaviors

across cell types.

The molecular mediators upstream of RhoA that determine

βAR-mediated regulation of mechanotype remain to be deter-

mined. The effects of βAR agonists on cellular mechanotype

have been well-studied in heart muscle cells, where β1AR is

Figure 7. NMII and ROCK activity are

required for invasion of MDA-MB-231HM

and MCF10A cells, while βAR activation

increases invasion of MDA-MB-231HM cells

only

3D scratch wound invasion assays from MDA-

MB-231HM (A), and MCF10A (C) cells treated

with isoproterenol (Iso, 100 nM), NMII inhibitor

blebbistatin (Bleb, 10 μM), ROCK inhibitor Y27632

(10 μM), and Rho activator CN03 (1 μg/mL).

(B and D) Relative wound density at 24 h. Unless

otherwise indicated, all comparisons were made

to vehicle control (Veh). All experiments were

performed 3 times (N = 3). n.s.: not significant,

*p < 0.05; **p < 0.01; ***p < 0.001 [one-way ANOVA

with Tukey’s test].

Figure 8. Schematic illustration of the pro-

posed mechanism for how a βAR-RhoA-

ROCK-NMII axis regulates mechanical

behaviors of TNBC cells that can contribute

to metastasis

Actin filaments are shown in yellow and myosins

attached to these filaments are shown in black.

Black arrows indicate traction forces generated

by the cell. Images are adapted from Servier

Medical Art by Servier (http://www.servier.com/

Powerpoint-image-bank) and are published

under a Creative Commons by license (https://

creativecommons.org/licenses/by-nc/3.0/).

the dominant receptor subtype,80 as

well as in human airway smooth muscle

cells, which express only β2AR.81 In the

breast cancer epithelial cells we investi-

gate here, β2AR is the predominant re-

ceptor subtype17,82 and is required for

the βAR-induced changes in the deform-

ability of MDA-MB-231HM breast cancer

cells.15 Future studies will determine the

role of specific receptor subtypes in regu-

lating cellular mechanical behaviors, as well as differences in

signaling pathways that regulate mechanotype responses

across different types of cells. The exact downstream effectors

of βAR that contribute to regulating mechanical behaviors of

breast cancer cells also remain to be defined. Our previous find-

ings support that βAR-regulation of cellular mechanotype in-

volves cAMP because treatment with the adenyl cyclase

activator forskolin similarly resulted in decreased cellular de-

formability.15 These findings are consistent with previous reports

that βAR regulates cellular functions through the canonical G

protein-mediated cAMP-PKA signaling pathway,83 but the exact

downstream effectors of βAR that contribute to regulating me-

chanical behaviors of breast cancer cells are not yet elucidated.

βAR is also known to regulate cellular behaviors through

β-Arrestin across multiple types of cells and tissues.84–86

β-Arrestin is implicated in regulation of cellular mechanotype

through a β-Arrestin-Src pathway,87,88 as well as through a

β2AR-β-Arrestin2/RhoGEF-RhoA axis that was identified in renal
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cancer and human embryonic kidney cells.35 The extent to which

β-Arrestin is involved in βAR regulation of breast cancer cell

deformability and invasion remains to be defined. The role of

specific ROCK isoforms in βAR-regulation of mechanotype

also remains to be determined, including whether ROCK1/2

have redundant roles. Previous reports identify that ROCK iso-

forms differentially modulate cancer cell motility in MDA-MB-

231 cells,62 so we anticipate that specific isoforms may also

differentially modulate cellular mechanotype. While we show

here that RhoA-ROCK is a major axis for activating NMII through

βAR, additional pathways that regulate NMII activity, such as

MLCK and PAK, may also be involved in βAR-regulation of can-

cer cell mechanotype through compensatory effects and/or

crosstalk with the RhoA-ROCK signaling pathway. Understand-

ing the interplay among diverse signaling pathways that regulate

cancer cell invasion and metastasis will also be crucial;

for example, βAR activation affects downstream mediators

including Src and MMPs, which are established to promote

metastasis.87–90 Combinatorial studies that utilize co-treatments

of inhibitors and/or knockdowns will further refine our mapping

of the specific pathways that contribute to βAR regulation of

cellular mechanotype.

Future studies across a broader range of malignant and

non-transformed epithelial cell types will be valuable to define

how broadly a βAR-RhoA-ROCK-NMII axis is involved in regu-

lation of mechanotype across different types of cells. Beyond

cancer, βAR signaling impacts the mechanical behaviors of

cell types across organ systems, from increasing the contrac-

tility of cardiac myocytes91 to decreasing the traction stresses

of human airway smooth muscle cells.92 Recent findings show

that activating βAR in adipose cells results in increased NMII

activity and cell contractility, albeit through a Ca2+-MLCK

pathway.93 Taken together, our observations contribute to

the growing literature that shows βAR activation regulates

force generation across a range of cell types through slightly

different mechanisms; such findings suggest that βAR regula-

tion of cellular mechanical behaviors is a convergent phenom-

enon that is essential to cellular homeostasis. For breast can-

cer cells, βAR-induced mechanotype changes are associated

with altered invasive behavior, which could provide them

with a selective advantage to metastasize. While we used

here TNBC cell lines, future work will test how broadly this

cellular response to βAR activation holds across different

breast cancer subtypes, including luminal A and B, Her2, triple

negative basal, and triple negative claudin-low. Future in vivo

studies will help to elucidate the role of cellular mechanical be-

haviors in βAR regulation of metastasis. Ultimately a deeper

understanding of the molecular signaling pathways that regu-

late cancer cell behaviors will advance our knowledge of can-

cer and benefit the rational design of more effective drugs to

suppress metastasis.

Limitations of the study

The experiments presented in this study were conducted in vitro

using established human breast cancer cell lines and an immor-

talized non-tumorigenic mammary epithelial cell line. Further

studies using human primary tumor cells or preclinical mouse

models will establish the applicability of our findings toward ther-

apeutic applications. The chemo-mechanical model quantita-

tively predicts the increase in cellular traction force observed

at high isoproterenol doses and qualitatively recreates other

known features of cellular traction force generation on compliant

versus stiff substrates, but additional validation of model predic-

tions with targeted experiments will be required for fine-tuning

model parameters and assumptions.
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Software and algorithms
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and reagents

The triple-negative breast adenocarcinoma cell lines, MDA-MB-468 and a highly metastatic variant of the cell line, MDA-MB-231HM,

were cultured as previously described.15,18 MDA-MB-231HM is well established to mimic metastatic breast cancer in orthotopic

mouse model94 and is thus considered a robust model for in vitro studies of cancer cell behavior.95 The non-tumorigenic mammary

epithelial cell line (MCF10A) was cultured in DMEM/F12 media supplemented with 5% horse serum, 1% pen/strep, 20 ng/mL EGF,

0.5 μg/mL hydrocortisone, 100 ng/mL cholera toxin, and 10 μg/mL insulin. The βAR agonist, isoproterenol, and antagonist, propran-

olol, were from MilliporeSigma (Burlington, MA, USA). To inhibit the activity of non-muscle myosin II we used (− )-blebbistatin (Sell-

eckchem). Rho-associated protein kinases (ROCKs) were inhibited using Y27632 dihydrochloride (Y27632, Selleckchem) and

glycyl-H 1152 dihydrochloride (g-H-1152, Tocris); myosin light-chain kinase (MLCK) was inhibited using ML-7 hydrochloride

(ML-7, Selleckchem); and p21 activated kinase 1 (PAK1) was inhibited using IPA-3 (Selleckchem). Cells were treated with drugs

at 10 μM for 24 h prior to measurements unless stated otherwise. To activate RhoA GTPase, cells were treated with Rho Activator

II (CN03, Cytoskeleton) for 4 h.

METHOD DETAILS

Transfections

siRNA transfections were performed using Lipofectamine 3000 (ThermoFisher) according to manufacturer’s instructions. Briefly,

50 nM of siRNAs were diluted in reduced-serum medium (Opti-MEM, Gibco) and mixed with Lipofectamine 3000 diluted in Opti-

MEM followed by incubation for 5 min at room temperature. The mixture of siRNA and transfection reagent was added to the cell

culture plate dropwise and cells were incubated for 72 h prior to measurement. We used the following siRNA sequences for RhoA

and scrambled control9,96: siRhoA-#1: 5′-AUGGAAAGCAGGUAGAGUU-3′, siRhoA-#2: 5′-GAAAGACAUGCUUGCUCAU-3′, siCon-

trol: 5′-CAGUCAGGAGGAUCCAAAGTG-3′.

Parallel microfiltration

To measure whole cell deformability, we used parallel microfiltration (PMF).42,97 Cells were trypsinized with 0.25% trypsin-EDTA and

cells in suspension were counted using an automated cell counter (TC20, Bio-Rad) and resuspended in medium to a density of 5×105

cells/mL. We also used the automated cell counter (TC20) to measure cell size distributions. To allow for cells to equilibrate after lifting

into suspension, suspensions were maintained for 30 min prior to filtration. To drive cells through the 10 μm pores of the polycarbon-

ate membrane (Millipore), we applied air pressure (2.0 kPa) for 20 s. To quantify the magnitude of cell filtration, we determined the

volume of media that remained in the top well after filtration by measuring absorbance at λ560 nm using a plate reader

(SpectraMax M2, Molecular Devices).98 Cells with reduced deformability have a higher probability of occluding pores and conse-

quently exhibit a higher retention of fluid in the top well; we define the final volume of media retained in the top well compared to

the initial volume loaded, Volfinal/Volinitial, as % retention. While retention is not a direct readout for cell elastic modulus, we previously

found that βAR activation increased the retention and stiffness of breast cancer cells as determined by atomic force microscopy

(AFM).15

Real-time qPCR

Total RNA from lysates was extracted (Qiagen RNeasy Mini Kit), cleared of contaminating DNA with on-column DNase digestion (Qia-

gen RNase-Free DNase Set), and quantified by spectrophotometry (NanoDrop ND-1000; Thermo Scientific). Gene transcripts were

examined by RT-qPCR with a CFX96 Touch Real-Time PCR Detection System (Bio-Rad), using one-step assay reagents (Qiagen

Quantitect Probe RT-PCR) and TaqMan Gene Expression Assay primer-probes for human beta-2 adrenergic receptor, i.e.,

ADRB2 (Hs00240532_s1 from Thermo Fisher). Following reverse transcription of RNA template for 30 min at 50◦C, resulting product

underwent an initial activation step at 94◦C for 15 min, followed by 50 amplification cycles of 15 s of strand separation at 94◦C and

60 s of annealing and extension at 60◦C. Triplicate determinations of each biological replicate were quantified by threshold cycle

analysis of FAM fluorescence intensity using CFX Manager software (Bio-Rad), normalized to values of human GAPDH mRNA ampli-

fied in parallel (Hs02758991_g1).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

IncuCyteTM Zoom 2018A Essen BioScience (Sartorius) N/A

Fiji (ImageJ) ImageJ software https://doi.org/10.1038/nmeth.2019

CFX Manager Software v3.1 Bio-Rad N/A
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Western blotting

Levels of proteins and protein phosphorylation were measured by western blotting. We loaded 30 μg of total protein into 4–12% Bolt

gels (Invitrogen) with MES buffer (Invitrogen). Protein samples were transferred onto nitrocellulose membrane (GE Healthcare) with

NuPAGE transfer buffer (Invitrogen). To minimize non-specific protein adsorption, we incubated membranes with blocking buffer (5%

skim milk in TBS-T) at room temperature for 1 h. To quantify protein levels, we then incubated with the following antibodies: mouse

anti-GAPDH (#MA5-15738, 1:5,000; ThermoFisher), rabbit anti-phospho-MLC2 (#3671 and #3674, 1:1,000; Cell Signaling), mouse

anti-MLC2 (#4401, 1:1,000; Sigma), and mouse anti-RhoA (#MA1-134, 1:1,000; ThermoFisher). We measured the band density of

the scanned film using ImageJ software (NIH, v1.50a).

Traction force microscopy – Pillars Assay

Micropillars were fabricated as previously described using PDMS and soft lithography.99 To quantify pillar dimensions, we imaged

the cross-section of the micropillar mold to determine the height of 6.5 ± 0.5 μm, and imaged the top view to determine the pillar

diameter of 1.75 ± 0.5 μm. To facilitate darkfield imaging with a 20× objective (NA 0.5), gold micro-disks were bonded on the top

of each pillar. Pillars were treated with 50 μg/mL fibronectin (Gemini Bio-Products). Prior to cell seeding, we imaged 5 regions of

the pillar array. Cells were seeded and adhered overnight prior to treatment with drugs for 24 h. To delineate cells for traction force

analysis, we stained cells with calcein AM (ThermoFisher) for 5 min at 37◦C. The same 5 regions of the micropillar devices were then

imaged using fluorescence microscopy (Zeiss Axiovert A1) equipped with a 20× objective (NA 0.5) to identify pillars occupied by

cells. Darkfield microscopy was used to determine the positions of the gold-tipped pillars before and after cell seeding; displace-

ments of the pillars that were caused by cells were determined using custom software (MATLAB). Source code is available at

https://github.com/marvintan90/gaussianFittingForTraction.

The traction force, F, exerted by a cell on a single pillar was determined by:

F =
4

3
πE

r4

L3
Δx;

where E is the elastic modulus of the pillar (2.0 MPa), r is the radius of the pillar, L is the height of the pillar, and Δx is the horizontal

displacement of the pillar between t0 and tmeasured.99

Traction force microscopy – Beads Assay

To quantify cellular traction force generation, we tracked the displacements of gold nanoparticles (diameter 400 nm) embedded in a

polydimethylsiloxane (PDMS) substrate. Devices are fabricated as previously described.100 In brief, we spin-coat a 75 μm-thick layer

of PDMS onto a glass slide with a thickness of 150 μm; we then dispense gold nanoparticles suspended in citrate buffer (Sigma Al-

drich 742090) onto the PDMS-coated glass slide and dry it in a vacuum desiccator (Thermo Scientific 53100250) overnight. Lastly, we

spin-coat a top layer of PDMS (1:12.1 w/w, PDMS:hexane) with 300 nm thickness. To create a well on top of the traction membrane to

contain cell medium, we place a PDMS ring on top of the layers: the ring is hole punched from a slab of pure PDMS 184 to have a

25mm outer diameter, 10mm inner diameter, and 3mm height. on top of the layers. Before each experiment, the PDMS surface inside

the ring is coated with 50 μg/mL collagen in 1X PBS (Fisher, Corning 354236) for 1 h before 10,000 cells in 200 μL of DMEM are seeded

and left to adhere overnight.

To collect traction force measurements, we image the cells in the device using a brightfield microscope (Zeiss Observer Z1) equip-

ped with a 20× objective (NA 0.5). To quantify the effects of beta-adrenergic activation on cellular force generation, we treat cells with

100 nM isoproterenol or vehicle control, and image 2 h after treatment. Cells are then detached from the surface using 100 μL of

0.25% Trypsin-EDTA for 5 min. After cell detachment, we acquire a second set of brightfield images of the gold nanoparticles to serve

as a reference image of the original bead positions. We then process the images through Zen (Zeiss) and Fiji/ImageJ to prepare them

for quantitative image analysis for identifying single cells and tracking displacements of the gold nanoparticles in ImageJ/Fiji.

To calculate the traction force per cell, we developed an analysis suite based on methodology previously described by101 that uses

the displacement of beads over time to calculate the corresponding generated traction forces. In brief, we first isolate beads in the

reference image and the cell-laden image by using image processing to allow the ImageJ particle analysis plugin to identify the beads

as regions of interest. Next, we delineate the cell periphery by further image processing of the original brightfield image, thresholding

the image by pixel value and density to isolate the plasma membrane, creating a ‘‘cell edge mask.’’ Then, we overlay this cell edge

mask over the reference and cell-laden image, deleting beads that are outside of the mask and therefore outside of the cell edge. We

want to select for beads on the cell edge and measure the displacements, as the majority of traction stresses exist on cell periphery.

Using ImageJ’s PIV and FTCC plugins, we are given the stress in Pascals calculated from the bead displacement, which is then con-

verted to nanonewtons. We then average by the number of beads used to generate the traction force for each cell to account for the

variation in number of beads that may be on the cell edge between different cells. The final metric per single cell is the traction force

generated and averaged by the number of beads on the periphery of the cell.

Three-dimensional (3D) scratch wound invasion assay

To measure the invasion of cells through a 3D matrix, we used a 3D scratch wound assay.15,57 A 96-well plate (ImageLock, Essen

BioScience) was pre-coated with 100 μg/mL Matrigel (Corning). We then plated 3×104 cells transfected with siRhoA or siControl
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(at post-transfection 24 h) into each well and incubated for 48 h. We generated 700–800 μm wide wounds in near 100% confluent cell

monolayers using a 96-pin mechanical device (WoundMaker, Essen BioScience). Cells were then washed with DMEM medium and

8 mg/mL Matrigel was added to cover the entire well. After a 30 m incubation at 37◦C to solidify the Matrigel, 100 μL of culture medium

containing isoproterenol and/or propranolol was added. We acquired images every 2 h and determined the relative wound density

and cell confluency using IncuCyte software (Essen BioScience). Relative wound density is defined as the area of cells in the newly

healed scratch wound region (purple) compared to the area of the initial scratch wound (teal at time 0 h). To determine any differences

in proliferation rates, which can also impact wound healing rates, we measured the proliferation of cells on Matrigel (Figures S1B

and S1C).

Viability and apoptosis assays

Cell viability after drug treatment was determined by measuring the number of live, dead, and apoptotic cells using the Dead Cell

Apoptosis Kit (ThermoFisher). MDA-MB-231HM cells were cultured and treated with kinase inhibitors (Y27632, g-H-1152, ML-7,

IPA-3) and βAR-modulating drugs (isoproterenol, propranolol). Blebbistatin and Paclitaxel were used as positive controls for inhibtion

of myosin and induction of apoptosis, respectively. As a positive control for the apoptosis assay, 5×105 cells were treated with pacli-

taxel (1, 10, and 100 μM) for 24 h. After drug treatment, culture media was collected to harvest dead floating cells; adherent cells were

washed with Phosphate-Buffered Saline (PBS) prior to trypsinization. After spindown of the suspension of trypsinized and dead cells

at 1,500 rpm for 3 min, cell pellets were resuspended and stained with recombinant annexin V conjugated to fluorescein (Alexa Fluor

488 annexin V) and propidium iodide (PI) as per the manufacturer’s protocol. Populations of live (annexin V negative, PI negative),

dead (PI positive), and apoptotic (annexin V positive, PI negative) cells were analyzed by flow cytometry (LSRII, BD Biosciences).

RNA-seq analysis

To quantify expression levels of ADRB2 and genes in the RhoA-ROCK-NMII axis across MDA-MB-231, MCF7, and MCF10A cell

lines, we used publicly available RNA-Seq dataS1. Raw fastq files were trimmed based on quality score and N calling reads. For

the quality score trimming, we trimmed reads showing poor quality scores (<20) from both 5′-end 10bp and 3′-end 50bp windows.

For the N calling read trimming, we trimmed reads containing Ns at 3′-end 15bp window. We also filtered out short trimmed reads

(<30 bp) and reads with poor average quality scores (<21) or low read accuracy values (<− 1). Read accuracy value describes the

probability that a read is accurate and was calculated from quality score following the below formula:

Read accuracy value =
∑k

n = 1

log2

(
1 − 10−

quality scoren
10

)

The reads were further trimmed to remove the contamination of adopters and polyA signals using cutadapt (version 1.14)S2. The

sequence qualities of fastq reads were tested before and after the trimming process using both FastQC (version 0.11.8)S3 and FastQ

Screen (version 0.13.0)S4. After read trimming, we downloaded hg38 reference genome (GENCODE v32). We considered only chro-

mosomes without contigs and prepared STAR index using its matched gtf file (gencode.v32.annotation.gtf.gz). The trimmed reads

were aligned to the index using SRAR (version 2.5.3a)S5 following parameters:

STAR –runMode alignReads –alignSJoverhangMin 10 –alignSJDBoverhangMin 1 –alignIntronMax 1000000 –outFilterMultimapN-

max 10 –outFilterMismatchNmax 3.

From uniquely mapped reads, we counted reads from each gene containing transcripts (≧ 200bp) as considering alignment direc-

tions using featureCounts (version 1.6.0)S6 following:

featureCounts -s 2 -O -t exon -g gene_id

From read counts showing forward direction to transcripts, we calculated Reads Per Kilobase of transcript per Million mapped

reads (RPKM) values after adding one more count (read count +1)S7.

Computational modeling

To study the increase in cell traction forces as a consequence of increased diphosphorylated-MLC2 (ppMLC2), we employed a sto-

chastic model of actin-myosin force generation44 coupled with actin-integrin-substrate adhesion dynamics (as detailed in STAR

Methods) (Figures 3A and S6). In summary, the model simulates individual myosin motors transitioning between activate and inactive

states, the cycling of active myosin through the cross-bridge cycle,102–104 force generation and actin filament sliding due to myosin

binding and conformational change, and force transmission between sliding actin filaments and substrate via reversible integrin-sur-

face catch bonds. Integrating the force transmitted by a fixed number of actin filaments to the substrate within a 1 μm2 area gives the

traction stresses generated by the cells. In this model, focal adhesions were modeled as multiple actin filaments (∼120/μm2)105–107

tugging on substrate bound integrins by the action of myosin motors (∼60/actin filament).108–111 Individual actin-myosin filament in-

teractions as well as integrin dynamics were simulated using a stochastic Monte Carlo approach.112 The activity of each individual

motor is regulated by its phosphorylation state, ATP binding and hydrolysis rates, as well as the pushing or pulling forces acting on

each motor (Figure 3A). We used the experimentally determined ratio of ppMLC2/MLC2 (Figure 1D) as an input to the model to cap-

ture ROCK-dependent MLC2 phosphorylation and dephosphorylation rates. We assume that myosins with dephosphorylated light

chains are incapable of interacting with actin filaments, as these myosins assemble in compact states with the ATPase activity of the
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myosin heads being blocked.39 When the MLC is phosphorylated, the myosin is available to interact with the actin filament. The

myosin head binds to a specific binding site on a neighboring actin filament upon the hydrolysis of ATP. The release of the phosphate

group is force dependent, where a pushing or pulling of the bound myosin head by fluctuations in the actin filament from binding,

force generation and unbinding of neighboring myosins can alter the reaction rates.47 The release of ADP is a relatively faster process

and is assumed to be unaffected by the same forces.113 Upon release of ADP, the myosin binds to an ATP molecule releasing the

actin filament in a force dependent manner and goes back to the active unbound state where it started from when phosphorylated

from where it can either re-enter the cross-bridge cycle or become inactive due to dephosphorylation. These states are described in

Figure 3A. The model is used to predict the change in traction forces as a function of rate of myosin activation and deactivation asso-

ciated with MLC2 phosphorylation and dephosphorylation. The model is also used to predict the change in traction forces as a func-

tion of substrate stiffness as substrate stiffness affects the rate at which force is generate within the actin-myosin filaments and

consequently the dissociation dynamics of the cell-substrate adhesions.44

To predict cellular traction forces, we use a simplified version of the model, which is described in our previous workS8. We limit the

model here to focus on individual actin-myosin filaments interacting with integrin-based adhesions without the effect of actin branch-

ing or force dependent recruitment of additional actin-myosin filaments, as our previous work did not show significant impact of these

processes within the timescales relevant to the model. We assumed that traction forces are generated by actin myosin filaments that

are attached to surface bound integrin receptorsS9–11 and calculated traction stresses using a density of 120 actin filaments per μm2

based on experimental observationsS12,13. For the sake of simplicity, we also assumed the force generation, attachment, and detach-

ment of individual actin filaments to be independent of each other. The force generation in each actin filament was calculated using a

modified version of the myosin crossbridge cycling modelS14–16. Input values for the model are obtained from our experimental data

and the literature wherever possible (Table S1).

Our approach is based on existing force generation models that assume a half-sarcomere-like structure within which myosins cy-

cle through various states of ATP binding and hydrolysis, as well as corresponding actin-myosin binding, conformational changes,

and detachmentS17–19. In our modelS20, each myosin cycles through 5 states (Figure 3A). The inactive state (state 15) is the dephos-

phorylated state, from which it transitions reversibly to a phosphorylated active state (state 2)S21. In state 2, the myosin has a

bound ATP molecule. Upon ATP hydrolysis, the myosin binds reversibly to a neighboring binding site on the actin filament (state

3); this binding may result in a strain in the myosin stalk. Upon release of the phosphate group, the myosin undergoes an irreversible,

force-generating conformational change (state 4). Upon ADP release, the myosin remains bound to the actin filament (state 1). As

another molecule of ATP binds to the myosin head, the myosin releases from actin and is available for another cycle of force gen-

eration (state 2). The transition rates between the any two states i and j are labeled as kij (Table S1). The ratio of transition rates be-

tween the dephosphorylated (state 15) and phosphorylated (state 2) myosin states was derived from the experimental ratios of

ppMLC2:MLC2 obtained from western blots (Figure 1D) using a steady state relationship between rates and concentrations,

k152

k215

=
ppMLC2

MLC2
: (Equation 1)

Transition rates in the bound motor states 3 and 1 are modified by strain in the motor tails due to the forces acting on the tail or

stalkS19, the effect of which is modeled as

ks12 = k12 exp

⎛

⎜
⎝

1

2
kmϵ2

kBT

⎞

⎟
⎠ (Equation 2)

and

ks34 = k34 exp

(
kmϵδ
kBT

)

; (Equation 3)

where km is the stiffness of the motor stalk, ϵ is the strain in the stalk, kB is the Boltzmann constant, T is the absolute temperature, and

δ is the distance between myosin binding sites. Once the different myosin states are determined and the transition rates quantified,

the state transition ordinary differential equations can be either numerically solved or the transition of each myosin through the various

states can be simulated using a stochastic Monte Carlo simulation to iteratively track the strain in the stalk of each individual myosin

and calculate the strain-dependent transition rates. We simulate 60 myosin motors per actin filamentS22. We consider a small time

step of 1 ms in which we update the states of each of the myosin motors within an individual filament with a probability given by

Equation 4,

Pij(t < Δt) = 1 − exp exp
(
− ksijΔt

)
: (Equation 4)

We assume that within the small time step Δt, the transition rates are constant. At any given point in time, the forces generated

within the actin filament due to actin-myosin interactions are computed using Equation 5,

Fact(t) = (kmN4(t)y) −
(

km

∑
N1;3;4ϵ

)
; (Equation 5)

iScience 28, 112676, June 20, 2025 e5

iScience
Article

ll
OPEN ACCESS



where Ni is the number of motors in state i and y is the motor step size. The first term represents the active force generated by the

motors and the second term represents the passive force on the actin filament by strain in the stalks of attached motors. The myosin-

generated force on actin filaments is transferred to integrins at the focal adhesion/ECM interface. The displacement, x, of the actin

filament pulling against the substrate is given by solution of

Fact − kspringx = γ
dx

dt
; (Equation 6)

where kspring is the effective spring constant of the substrate and the integrin protein, and γ is drag on the actin filamentS23.

The integrin catch-slip bond dissociation rate kcs is modeled by

kcs =
1

k0
catchAexp

(
− fε
kBT

)

+

(

k0
slipBexp

(
fε

kBT

)

+Cexp

(
− fε
kBT

))− 1
; (Equation 7)

where kcatch represents the catch regime, kslip is the slip regime, ε is the energy length scale for binding/unbindingS24, and f (=kspringx)

is the force experienced by the integrin bondS25. Within a certain force range, integrin bond lifetimes increase, however, the bond will

revert to a slip bond if the force exceeds the range. The binding and unbinding transition probabilities of actin filament-bound integ-

rins with the substrate are calculated using Equation 4, where i and j are now the bound and unbound states.

Traction forces at time (t) are calculated as the net force transmitted from all the actin filaments to the substrate via attached integrin

bonds as shown in Equation 8.

Ftract =
∑

fiHi

{
Hi = 1 if SF − integrin complex is attached to the substrate; else

Hi = 0
; (Equation 8)

where fi is the force generated at each actin-integrin-substrate bond.

Source code is available at https://github.com/compactmatterlab/bAR-forces/tree/master/bAR-forces.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses

All experiments were performed at least three independent times, unless otherwise stated. Statistical significance between control

and treated groups was determined with Mann Whitney non-parametric testing or one-way ANOVA with Tukey’s multiple comparison

post hoc analysis using GraphPad Prism 8 (GraphPad Software, La Jolla, CA). For the traction force data from the bead assay, which

is non-normally distributed and has smaller sample sizes, we use permutation testing. P-values are determined by comparing the

distribution of medians generated by resampling our data for 5000 iterations per cell line. Error bars for data from the computational

model represent the standard error of the mean of over >20 samples. Each sample is a 1 s long simulation of myosin generated trac-

tion forces in 120 actin filaments.
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