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ABSTRACT

Cells cultured on stiff 2D substrates exert high intracellular force, resulting in mechanical deformation of
their nuclei. This nuclear deformation (ND) plays a crucial role in the transport of Yes Associated Pro-
tein (YAP) from the cytoplasm to the nucleus. However, cells in vivo are in soft 3D environment with
potentially much lower intracellular forces. Whether and how cells may deform their nuclei in 3D for
YAP localization remains unclear. Here, by culturing human colon cancer associated fibroblasts (CAFs) on
2D, 2.5D, and 3D substrates, we differentiated the effects of stiffness, force, and ND on YAP localization.
We found that nuclear translocation of YAP depends on the degree of ND irrespective of dimensionality,
stiffness and total force. ND induced by the perinuclear force, not the total force, and nuclear membrane
curvature correlate strongly with YAP activation. Immunostained slices of human tumors further sup-
ported the association between ND and YAP nuclear localization, suggesting ND as a potential biomarker
for YAP activation in tumors. Additionally, we conducted quantitative analysis of the force dynamics of
CAFs on 2D substrates to construct a stochastic model of YAP kinetics. This model revealed that the prob-
ability of YAP nuclear translocation, as well as the residence time in the nucleus follow a power law. This
study provides valuable insights into the regulatory mechanisms governing YAP dynamics and highlights
the significance of threshold activation in YAP localization.

Statement of Significance

Yes Associated Protein (YAP), a transcription cofactor, has been identified as one of the drivers of can-
cer progression. High tumor stiffness is attributed to driving YAP to the nucleus, wherein it activates
pro-metastatic genes. Here we show, using cancer associated fibroblasts, that YAP translocation to the
nucleus depends on the degree of nuclear deformation, irrespective of stiffness. We also identified that
perinuclear force induced membrane curvature correlates strongly with YAP nuclear transport. A novel
stochastic model of YAP kinetics unveiled a power law relationship between the activation threshold and
persistence time of YAP in the nucleus. Overall, this study provides novel insights into the regulatory
mechanisms governing YAP dynamics and the probability of activation that is of immense clinical signif-
icance.

© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

the context of cancer, cell force influences the crosstalk between
cancer and stromal cells (e.g. fibroblasts and immune cells) [3,4].

Cell traction force is a critical element of mechanotransduction The microenvironment in most solid tumors hosts an abundance of
that drives many physiological and pathological processes [1,2]. In cancer associated fibroblasts (CAFs) that are highly contractile and
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mechanosensitive [5-7]. CAFs are also responsible for stiffening
the stroma and establishing a dynamic crosstalk with the cancer
cells to drive metastatic progression [2]. However, the mechanism
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by which CAFs control this process is not well-understood, espe-
cially in a mechanically dynamic microenvironment. Recent stud-
ies indicate that CAFs utilize Yes Associated Protein (YAP) as a pri-
mary mechanosensor to probe the physical environment and regu-
late intra-/extra-cellular signaling that facilitates metastasis [8-10].
Hence, activation of YAP in CAFs is an extremely important pro-
cess in cancer progression. Previous results indicate that stiffness
and cellular contractility control YAP activation on 2D substrates.
Majority of these studies report static assessments, although cel-
lular force (and YAP) are dynamic. To our knowledge, there is no
literature on the role of contractility fluctuations in regulating the
time-dependent response of YAP in CAFs. Since YAP activation pro-
cess is dynamic, it is necessary to identify the nature of such dy-
namics in order to understand cellular behavior in response to nu-
clear localization of YAP. To address this gap, we measured CAF
(primary human colorectal CAF05 cells) traction dynamics on sub-
strates with different stiffness and extra-cellular matrices (ECM);
and investigated the kinetics of YAP activation in response to dy-
namic contraction and relaxation by the CAFs.

YAP is a transcription co-activator that shuttles between the
cytosol and the nucleus [10]. When localized in the nuclei, YAP
binds with TEA domain family members (TEAD) and regulates
several pro-oncogenic pathways [8,11]. For example, activation of
YAP facilitates aberrant cell proliferation, growth of solid tumors,
chemoresistance and metastasis [12-15]. YAP is also involved in
modulating crosstalk between cancer cells and CAFs [16]. In solid
tumors, YAP is known to shuttle to the nuclei in most cencer
cells during advanced stages [10], when the tumors become me-
chanically stiffer than the normal tissue. Dupont and colleagues
[9] found that YAP is regulated by substrate stiffness and cell
spreading, independent of the Hippo pathway in MCF10A mam-
mary epithelial cells (MECs). Wada et al. [17] reported that cy-
toskeletal stress-fibers (F-actin) promote nuclear YAP by regulat-
ing the Hippo pathway in mouse normal fibroblasts [18]. Later,
Elosegui-Artola and colleagues [19] provided evidence that cell
force triggers nuclear deformation which controls the transport of
YAP across the nuclear membrane. These studies provided signifi-
cant insights into the YAP activation mechanism. However, most of
these experiments were performed with either epithelial cells or
normal fibroblasts on 2D substrates which do not represent a 3D
tumor microenvironment (TME).

Recent studies with cells in 3D matrices present confounding
results on YAP activation [20]. For example, in 3D collagen-Matrigel
scaffolds, MECs (MCF10A, normal epithelial) showed increased YAP
activation with higher stiffness [21]. In contrast, nuclear localiza-
tion of YAP in the same MECs did not correlate with elastic mod-
uli of basement membrane-derived 3D matrices [22]. Calvo and
colleagues [23], showed that nuclear YAP in CAFs increases with
increasing stiffness of collagen. However, cellular force and ECM
mechanical properties constantly change with time, and how the
rate of change impacts YAP is poorly understood. Therefore, this
study explores the following unresolved questions: what biophys-
ical cues promote YAP nuclear translocation? Is it substrate stiff-
ness, cell contractile force, or nuclear deformation? Is there any
role of force rate in regulating the transport? Is the cue differ-
ent for 2D and 3D, or is there a common universal cue that the
cells employ, independent of dimensionality (2D, 3D)? We hypoth-
esize that nuclear deformation is a universal driving mechanism,
across different physical environments, by which YAP is activated
in CAFs. We tested the hypothesis by assessing the role of matrix
stiffness, cell force, and contractility-induced nuclear deformation
in 2D, 2.5D (see Methods), and 3D environments on YAP kinetics.

We found that activation of YAP in CAFs is influenced by nu-
clear deformation induced by a fraction of total cell forces, rather
than the total force and substrate stiffness. Our analysis demon-
strated that perinuclear force-induced nuclear deformation exhibits
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the strongest correlation with YAP activation across various exper-
imental conditions. We also observed YAP nuclear localization in
stretched nuclei of CAFs in human colon and prostate tumors, in-
dicating the potential role of nuclear strain in YAP translocation in
vivo. Finally, we utilized the relationship between perinuclear and
total force to develop a mathematical model that accurately pre-
dicts the time-dependent nucleo-cytoplasmic transport of YAP in
response to cellular force variations. Our findings presented here
provide significant insights into the dynamics of YAP activation in
CAFs and offer valuable tools for predicting dynamic activation of
YAP under different conditions.

2. Materials and Methods
2.1. Cell culture

Human primary colorectal cancer associated fibroblasts, CAFO5
(Neuromics, Edina, MN, USA) were maintained in Vitroplus III,
Low Serum, Complete medium (Neuromics, Edina, MN, USA). Com-
mercially available culture media was supplemented with 1%
Penicillin-Streptomycin (Lonza).

2.2. Substrate preparation

For 2D and 2.5D substrates, polyacrylamide (PA) hydrogels were
prepared with fluorescent particles embedded and localized near
the top surface (detailed method in [24]). We used 200 nm dark
red beads (excitation/emission-660/680 nm, Thermo-Fisher, cat.
no. F8807) and maintained a bead density of approximately 1
per 5 um? on the gel surface. Hydrogel elastic moduli of 0.5,
10 and 40 kPa were achieved by controlling Acrylamide (Sigma-
Aldrich) and Bis-acrylamide (Sigma-Aldrich) concentrations as re-
ported by Tse and Engler [25]. Polymerization was initiated with
10% Ammonium persulfate (APS, Bio-Rad) and 1% Tetramethyl-
ethylenediamine (TEMED, Bio-Rad) and the gels had approximately
110 pm depth after polymerization between two glass coverslips
[24].

After polymerization, substrates were functionalized with
fibronectin (Human, Corning) and collagen I (Rat-tail, Corning),
following the protocol described by Tse and Engler [25]. Briefly,
0.2 mg/ml sufosuccinimidyl-6-(4’-azido-2'-nitrophenylamino)-
hexanoate (Sulfo-SANPAH, Thermo Scientific) solution in HEPES
buffer (50 mM HEPES at pH 8.5, Fisher Scientific) was applied
to the PA gels and then was activated with 365 nm UV light (8
Watt, UVP UVL-28, Analytik Jena, US). After washing with phos-
phate buffered saline (PBS), the substrates were then immersed
overnight in 25 pg/ml fibronectin (in HEPES buffer) or collagen (in
PBS) solution. The gels were then washed with PBS, CAFs were
plated on the substrates and imaging started after 3-4 hrs.

For 2.5D cultures, CAFs were allowed to grow on 2D PA gel sub-
strates for 6-8 hrs. At this point, we prepared 2 mg/ml collagen
I solution with pH 7.2; from a high concentration stock solution
of 8.9 mg/ml (Corning), following Corning recommended protocol
[26]. Next, media from the 2D culture was aspirated, and colla-
gen solution was added to cover the cells on PA gel substrates. The
thickness of the collagen layer was ~500 um. Collagen was allowed
to polymerize for 15-20 mins and then culture media was added to
the dish and imaging was resumed.

2.3. Traction force microscopy (TFM)

For measurement of cell force (both 2D and 2.5D cases), TFM
were performed on CAFs adherent to PA gel substrates embed-
ded with fiducial beads (Fig. 1A-B). Fluorescent images of the
beads were taken every 5 mins for the whole duration of the



B. Emon, M. Saddam H. Joy, L. Lalonde et al.

A 2D

2D conditions

= 0.5 kPa,FN coated
= 0.5 kPa, Col coated
= 10 kPa,FN coated
= 10 kPa, Col coated

fluorescent
0 G

elastic PA gel substrate deforms with cell fore

Acta Biomaterialia 173 (2024) 93-108

2.5D conditions

0.5 kPa,FN coated
0.5 kPa, Col coated
10 kPa,FN coated
10 kPa, Col coated

Y
ﬁ
rescent beads

deformation tracked with fl

collagen

Soft spring,
force sensor

D PDMS Sensor

Tissue site

Stiff spring

Cell force,
F=K*6,

springs

Fig. 1. Cell contractility measurement techniques for various culture conditions. Cell forces were measured with traction force microscopy on (A) 2D and (B) 2.5D systems
on PA gel substrates coated with specified ECM. 2.5D refers to the culture where 2D adherent cells are covered with fibrous collagen matrix on top. PA gels with different
elastic modulus (0.5 and 10 kPa) were functionalized with either fibronectin (FN) or collagen (Col). A number of combinations were studied to characterize the 2D and 2.5D
systems. (C) Schematic diagram of a sensor that measures cell forces in 3D matrices. The sensor is comprised of a soft spring, a stiff spring and two grips connected to the
springs. To measure single cell force in collagen, a capillary bridge is formed with cell-collagen precursor solution between the grips. After polymerization, the CAF pulls on
collagen by force F, and the soft spring deforms by 8. Hence, cell force is measured as F = Kq*8, where K; is the stiffness of the force sensing soft spring. (D) Design of the

sensor made with PDMS. Details of the biomechanical sensor is available in [28,29].

experiment. Cells were then removed using Sodium Dodecyl Sul-
fate (SDS) and bead images were taken as references. The inten-
sity of the excitation light was maintained below the safe thresh-
old as specified in our previous study [27]. These images were
compared and analyzed for deformations and strain generated by
the cells. Traction stress/force was quantified using the following

equations: max. traction stress 2)1/ 2, and total traction

(¢ + 7]
force = Yot area | (T2 + ryz)]/2 dA| , where 7t is local traction stress
on area dA. Analysis of TFM images was performed using Image]
open-source software.

Rates of force increase or decrease were measured from con-
secutive data points collected every 5 mins. For determining resi-
dence time in contraction, we measured the length of time when
the force rate is continuously positive. Similarly, residence time in
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relaxation was measured as the duration of time when the force
rate is continuously negative. When there is a change from con-
traction to relaxation (or, relaxation to contraction) in consecutive
points, we assumed a linear transition to determine the time when
the force rate is zero.

2.4. Force measurement in 3D collagen

Single-cell force in 3D collagen scaffolds were measured using
a biomechanical sensor (Fig. 1C) we previously developed [28]. A
detailed experimental procedure is outlined in our publicly avail-
able protocol [29]. This technique allowed us to measure single
cell force, a significant improvement to other methods that mea-
sures force from multicellular (~hundreds of cells) tissues [30,31].
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Briefly, the sensor has a force-sensing spring connected to a self-
assembled micro-tissue with a single cell embedded in a 3D col-
lagen matrix. As the cell becomes contractile, the force gets trans-
mitted to the spring and deforms it. If the cell generates force (F),
the soft spring deforms by a distance of 6. = Ly — L., where L, and
L are the initial and contracted lengths of the tissue. Using bright-
field images, 6. was measured from analysis with Image] software
and the force on the spring was determined as F = K; * .. Total
cell force was measured as twice the force on the spring, assum-
ing that the cells were polarized and generating a force dipole.

2.5. Mechanical characterization of collagen scaffolds

Shear rheology was done on an ARES-G2 rotational rheometer
(TA Instruments, DE) using an 8 mm parallel-plate geometry with
gaps ranging from approximately 800-1,200 microns. To ensure at-
tachment of collagen to the loading plates, polydimethylsiloxane
(PDMS, Sylgard 184, Dow) disks approximately 1 mm in thickness
were functionalized with 3-Aminopropyl-triethoxysilane (APTES,
Sigma-Aldrich) and 0.5% glutaraldehyde (Electron Microscopy Sci-
ences) and then attached to the top and bottom plates. The com-
pliance of the PDMS disks (G ~ 1 MPa) is negligible compared
to the collagen samples (maximum G ~ 200 Pa). The collagen
samples (Rat-tail collagen I, Corning) were gelled in situ on the
rheometer. Collagen precursor solutions are made and kept on ice
until the test time. Approximately 55 uL of the collagen precursor
solutions was deposited on the bottom plate and the upper plate
was then lowered into position. A thin layer of heavy mineral oil
(FCC/USP, Fisher Chemical) was applied to the sample free surface
to prevent evaporation. The temperature was then raised to 37°C
to start the gelation.

Small-amplitude oscillatory shear at 10% strain amplitude and
frequency of 1 rad/s was applied to monitor the gelation for 1 hour
(Fig. S1) Gelation results in an initially rapid increase of viscoelastic
moduli which approach a more stable condition after about 1 hour,
as quantified by the evolving mutation timescale, Ay, (SI). Gelled
samples are then subjected to the two intended rheological experi-
ments (i.e., frequency sweep and then the strain amplitude sweep).
The linear viscoelasticity was assessed using frequency sweep ex-
periment. The test was performed at strain amplitude of y, = 10%,
sweeping the frequency down from 100 to 0.01 rad/s (Fig. S2). The
strain-amplitude sweep experiment was done at 1 rad/s, sweep-
ing up from 1% (Fig. S3). The test results show that the linear-
nonlinear transitioning strain amplitude for all three concentra-
tions is about 100%. This finding confirms linear viscoelasticity in
Fig. S3 from yy = 10%. The linear viscoelastic shear moduli at 1
rad/s of all three concentrations are |G*| = 68.4, 91.1 and 187 Pa
for 1mg/ml, 2mg/ml and 3mg/ml respectively. Therefore, assum-
ing a nominal Poisson’s ratio of 0.495, the tensile (Young’s) elas-
tic moduli for 1mg/ml, 2mg/ml and 3mg/ml collagen are approxi-
mately ~200, 270 and 560 Pa respectively.

To mimic tumor stiffness (on the order of ~10 kPa [32]) in
3D collagen, we needed to increase the elastic modulus of colla-
gen scaffolds. To achieve this, we uniaxially stretched the collagen
specimens constructed on the sensor (with and without cells) and
utilized strain-stiffening of collagen (Fig. S4). Following polymer-
ization, the collagen specimens were subjected to uniaxial tensile
loading within the first 30 minutes. A tensile strain of 20-30% was
generally adequate to achieve ~10-fold increase in stiffness. The
samples remained under tension for a period of 24 hours. Dur-
ing this period, the samples underwent stress relaxation and creep
that further enhanced the stiffness. Next, a second phase of ten-
sile loading was applied to measure the current stiffness. Finally,
the specimens were fixed with 4% Paraformaldehyde (PFA, Electron
Microscopy Sciences) for immunostaining.
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2.6. Immunostaining and YAP transfection

For confocal imaging, cells were fixed with 4% PFA in PBS for
30 mins. 0.2% Triton X-100 in PBS was used to permeabilize the
samples and 2.5% bovine serum albumin (BSA) with 2% normal
goat serum (NGS) in PBS was used as a blocking solution. Samples
were then incubated overnight in YAP1 primary antibody (1:500)
(Invitrogen, cat. no. PA1-46189). Next, the samples were incubated
with Alexa Fluor 568 conjugated secondary antibody (1:1000) (Ab-
cam Inc., cat. no. ab175695) and Phalloidin conjugated with Alexa
Fluor 647 (1:40) (Invitrogen, cat. no. A-22287) at 4°C for 12 hrs.
Afterwards, the samples were washed with PBS, then incubated in
4/ 6-diamidino-2-phenylindole (DAPI) (1:1000) (Invitrogen, cat. no.
D1306) for 10 minutes and washed with PBS again. Samples were
imaged with a confocal microscope, LSM710 (Zeiss), using an EC
Plan-Neofluar 20X/0.5 NA objective lens (Zeiss).

Human tumor tissues were collected from US Biomax as flash-
frozen paraffin-embedded slices on microscope slides. The tissue
slices were deparaffinized, rehydrated and treated for antigen re-
trieval with citrate buffer. Afterwards, the samples were stained for
oSMA (1:500) (Sigma, cat. no. A5228), YAP and DAPI as described
in the previous paragraph.

CAFs were transfected with pEGFP-C3-hYAP1 (a gift from Mar-
ius Sudol, Addgene plasmid # 17843) for live tracking of YAP and
FRAP experiments [33].

2.7. Fluorescent Recovery After Photobleaching (FRAP)

We carried out FRAP experiments with LSM880 (Zeiss) confocal
microscope equipped with a cell culture chamber that maintains
temperature, CO, and humidity. C-Apochromat 40x/1.2W (Zeiss)
objective was used for image acquisition. Before the FRAP experi-
ment, the nuclei of the live cells were stained with Hoechst 33342
(Thermo Scientific, cat. no. 62249) for 15 mins. Next, we identified
the whole nuclei as the region of interest and performed photo-
bleaching at the mid-plane of the nuclei. A 488 nm Argon laser
was used at 75% power with ~1 us exposure per pixel for 30
repetitions. During recovery of the fluorescent signal, images were
taken approx. every second. The intensity of pre-specified regions
of high and low curvature (see Fig. 5G, Movie 6) inside the nu-
clear envelope was calculated in ZEN software (Zeiss). Normalized
recovery curves were fitted to the following exponential model to
determine time constants for different regions of interest.

t
Ity=L,(1-e ©

where I(t) is normalized YAP intensity, I, is normalized plateau
intensity and t is the time constant.

2.8. Simulation

The simulations for this study were performed using a custom
Python script on Google Colab, a cloud-based platform for running
Jupyter notebooks. We applied the Gillespie algorithm to simulate
the stochastic time evolution of single-cell force that regulates nu-
clear deformation and subcellular localization of the YAP transcrip-
tion factor. For each cell, the total time duration for the simulation
was 48 hours, with time steps of 5 minutes (same as the experi-
mental force readout intervals). Next, we performed a Monte-Carlo
simulation (n=100) to calculate the persistence time and proba-
bility of activated YAP (above threshold nuc/cyt ratios). Relevant
equations, constants and parameter categorizations are presented
in Table 1 and Table S1

For quantification of force dynamics, we assumed that the tem-
poral resolution of 5 min is sufficient and force change within 5
min intervals is linear. Mean residence times in contraction and
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Table 1
Parameters and constants of simulation.
Equations Constants Source(s)
Ker = Ax(1 — %) max. substrate velocity, A = .5-1.5 ym/min [34-38]
k= 570 focal adhesion diameter, Dpy = 1-1.7 5 um [39-42]
substrate Poisson’s ratio, v = 0.5
Fi = Fyqn#(1 — e K/Kstan) stall force, Fyqy = 4000 nN [3,43-45]
stiffness const., k. = 50 kPa
Contraction rate, PDF, = %z"‘f*]e’(ﬂf)w shape & scale factors: o, B (Table S2, Fig. S6) expt. fit
Relaxation rate, PDF, = %z"‘fle’(ﬂ%)a’ shape & scale factors: «., fBc (Table S3, Fig. S6) expt. fit
w= yF y =1, if E=0.5 kPa, .82, if E=10 kPa,.42, if E=40 kPa  expt. data
strain for height, e = %(1 — e~t/7) strain for elastic modulus, E,=10 kPa [46,47]

diameter, &4 = —vey, nuc. def., ND(t)

diameter d)
h

= Theight = h(t)

viscous time const, T = 10°s
Poisson’s ratio, v = 0.4

90 — kY +k, ky=a+ND+b

a=45x10 “2au.

[19,48] expt. fit

b =-.75x10"2 a.u.
ki =5x1072 a.u.

relaxation for all cases were longer than 5 mins, validating this
assumption. For the stochastic model of cell force dynamics, the
steps were approximated from the Weibull distribution fitted to
the experimental force rates. It was also assumed that each step is
independent of force history, and force at any time cannot be neg-
ative. Statistical comparison of experimental and simulated force
rates indicates that the model successfully predicts cell force dy-
namics. While the simulation considered non-linear relationship
between cell force and nuclear deformation, mechanical properties
of the nucleus were assumed from previously reported values in
the literature. Finally, we assumed a linear relationship between
ND and YAP import rate, based on results published by Elosegui-
Artola et al [19].

2.9. Statistical analysis

Correlation coefficients between various parameters were de-
termined using both linear (Pearson) and non-linear (Spearman,
Kendall) methods. Force rates were fitted to Normal and Weibull
Distribution functions. Statistical significance was determined by
one-way ANOVA with Tukey’s mean comparison (*** p<0.001; **
p<0.01 and * p<0.05). All statistical analyses were performed with
Origin (2022) software.

3. Results

CAFs exhibit higher spreading area and contractility with in-
creasing substrate stiffness on 2D substrates. With increased con-
tractility, the nucleus undergoes higher deformation. Therefore, the
effects of contractility and nuclear deformation (ND) could not be
assessed independently with cells on 2D substrates. To overcome
this coupling between cell force and ND on 2D substrate, we uti-
lized a hybrid system where cells were cultured on 2D polyacry-
lamide (PA) hydrogels functionalized with ECM (e.g. fibronectin
and collagen), and then collagen scaffolds were added on top of
the cells (Fig. 1B). This method allows the cells to perceive me-
chanical cues from the 2D substrate as well as 3D fibrous collagen
(referred to as 2.5D henceforth) [49]. We observed that nuclear
deformation is low in 2.5D, regardless of substrate stiffness, cell
spreading, or force. Cell spreading in 2.5D is higher compared to
that on 2D; as opposed to force that is lower in 2.5D. This allowed
us to utilize 2.5D as a tool to differentiate the effects of stiffness,
force, and nuclear deformation on YAP.

Cellular forces on 2D and 2.5D were measured as a function
of time (time lapse) using TFM (Fig. 1A-B) [50,51]. We utilized PA
gels coated with fibronectin and collagen for 2D TFM. Elastic mod-
uli of the hydrogels were 0.5 and 10 kPa. For 3D culture, we used
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rat tail collagen I with a concentration of 2 mg/ml and measured
cell force with a high-resolution sensor (see Methods) [28,29]. Cell
force dynamics allowed us to formulate a model that predicts the
dynamics of nuclear accumulation of YAP. It should be noted that
PA gel and collagen may present different cues to the cells. PA gels
were utilized for their suitability with TFM and tunability of stiff-
ness (particularly higher stiffness that are not attainable with col-
lagen). For 3D hydrogels, collagen was utilized to mimic the na-
tive ECM for CAFs in the TME. To ensure ECM compatibility across
different systems, PA gels (for 2D and 2.5D) were coated with col-
lagen. The following sections describe the key findings from the
study-

3.1. Cell force decreases from 2D to 3D

To understand how dimensionality affects cell contractility, we
compared cell traction in 2D, 2.5D and 3D. We cultured CAFs on
0.5 kPa PA gel substrate (for 2D case, Movie 1,2), covering the cells
plated on 0.5 kPa substrate with 0.5 kPa collagen (2.5D case, Movie
3,4), and in 0.5 kPa collagen gel (3D case). Side-by-side phase con-
trast timelapse for all three cases is presented in Movie 5. PA gel
substrates were functionalized with collagen I to match the ECM.
We found that cell force in 3D collagen was nearly half the force
on 2D (Fig. 2). Force in 2.5D was also significantly lower than that
on 2D, for both fibronectin and collagen coating on PA substrates.

We repeated the above experiments with a higher substrate
stiffness (10 kPa). As expected, increased substrate stiffness re-
sulted in higher cell forces for both 2D and 2.5D cases (Fig. 2B-
C). Interestingly, CAFs generated slightly lower force on collagen-
coated substrates than on fibronectin-coated substrates (Fig. 2B-C).
We also observed a significant decrease in cell contractility when
the CAFs transitioned from 2D to 2.5D, i.e., when cells cultured on
2D substrate was covered by collagen blanket. It appears that in-
teraction with collagen above the substrate prompts the CAFs to
reduce their traction on the 2D substrate below. How much force
is “lost” in the collagen matrix in 2.5D cases remains unaccounted,
since TFM only captures the force on the PA gel substrate. Thus,
the force quantified for 2.5D cultures is a lower bound of the total
cell force.

3.2. In 2.5D and 3D systems, stiffness may not regulate YAP signaling
in CAFs

To explore how cell traction, in association with stiffness and
dimensionality, affects YAP signaling, we investigated the subcel-
lular localization in CAFs in different microenvironments. We find
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Fig. 2. Total cell forces measured on different culture systems reveal the effects of stiffness, ECM and dimensionality. (A) Comparison of total CAF force on 2D, 2.5D and 3D.
To ensure consistency of ECM and stiffness, data with collagen coated 0.5 kPa are plotted. Cell forces for different (B) 2D and (C) 2.5D systems. Here, 2D_10kPa_FN refers to
fibronectin coated PA gel substrate with 10 kPa elastic modulus. 2.5D_0.5kPa_Col means collagen coated 0.5 kPa PA gel with fibrous collagen scaffolds over the cells for 2.5D.
Data collected from n> 5 cells for ~10 hrs. Box: median, 25" and 75" percentile; whiskers: standard deviation; blue dot: mean. Statistical significance was determined by
one-way ANOVA with Tukey’s mean comparison. *** p<0.001; ** p<0.01 and * p<0.05.
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Fig. 3. Immunocytochemistry of CAFs reveal subcellular YAP localization in different (A) 2D, (B) 2.5D and (C) 3D systems. For 2D and 2.5D systems, 0.5, 10 and 40 kPa elastic
moduli were studied. For 3D collagen, 1 mg/ml (E= 200 Pa), 3 mg/ml (E= 560 Pa) and strain-stiffened 3 mg/ml (E= 20kPa, E;, = 7.5 kPa) were used for investigating effects

of stiffness. Scale bars: 50 um.

that in 2D, nuclear YAP increases with increasing substrate stiff-
ness (0.5, 10 and 40 kPa), consistent with the literature (Fig. 3A)
(quantification in Fig. 4) [20]. Surprisingly, 2.5D systems do not ex-
hibit such a trend. Irrespective of substrate stiffness, localization of
YAP within the CAFs is very similar for all 2.5D cases (Fig. 3B). For
3D collagen matrices, we utilized 1 mg/ml (E = ~200 Pa), 3 mg/ml
(E = ~560 Pa) and strain-stiffened 3 mg/ml (E = 20 kPa, E;pp = 7.5
kPa) (Fig. S3, S4, S5). We found that nuclear YAP slightly increased
in 3 mg/ml collagen compared to that in 1 mg/ml (Fig. 3C). Note
that even the high-density collagen (3 mg/ml) is softer than most
colorectal tumors that have elastic moduli of ~ 5-15 kPa [32].
Hence, strain-stiffened 3 mg/ml collagen mimics the stiffness of
the TME and triggers a significant increase in nuclear YAP in CAFs
(Fig. 3C). However, the stiffness-YAP relationship in 3D collagen is
not similar to that on 2D, indicating influence of other factors in
YAP activation. We shall explore possible mechanisms in the fol-
lowing sections.

3.3. Nuclear deformation by perinuclear cell force correlates with YAP
activation

Cell spreading area and traction force are two important reg-
ulators of cell functions. Hence, we checked if these parameters
correlate with YAP activation levels (measured as intensity ratio of
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nuclear to cytosolic or, nuc/cyt YAP) for different systems. Fig. 4A
shows that cell spreading area increases with substrate stiffness in
2D and 2.5D, although 2.5D system stimulates the cells to spread
more, especially on lower stiffness substrate. However, cells gener-
ate a lower force in 2.5D compared to that on 2D with the same
stiffness (Fig. 4B). Typically, cell spreading and force are coupled
(controlled by stiffness [3]) and they exhibit a positive correlation
with YAP on 2D (Fig. 4A,B,C). In contrast, in 2.5D system, neither
of these parameters correlate with YAP activation (Fig. 4A,B,E). For
example, cell spreading area increased with substrate stiffness in-
creasing from .5 kPa to 10 kPa (Fig. 4A), yet nuc/cyt YAP remained
the same (Fig. 4E). Again, contractility increases with increasing
stiffness (Fig. 4B), although YAP localization remained unchanged
(Fig. 4E). In 3D, nuclear YAP increases with increasing stiffness of
collagen (1 mg/ml, 3 mg/ml and stiffened 3mg/ml with E = 200 Pa,
560 Pa and 20 kPa respectively) (Fig. 4G). These conflicting results
suggest that YAP nuclear shuttling may depend on other factors
downstream of cell traction force.

For normal fibroblasts on 2D substrates, force induced nuclear
deformation (ND), defined by the ratio of largest to smallest di-
mensions of the nuclei, strongly correlates with YAP activation
[19]. Hence, we measured nuclear deformation for CAFs in 2D, 2.5D
and 3D (Fig. 4D,FH) to assess any correlation with matrix stiff-
ness, cell area, force and YAP activation (Fig. 4I-L). From the con-
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tour plots, it is apparent that stiffness (Fig. 41) and cell spreading
(Fig. 4]) have poor relationships with ND and YAP. Cell force has a
relatively better correlation, as shown in Fig. 4K. Overall, only ND
demonstrates a strong correlation with nuc/cyt YAP for all condi-
tions (Fig. 4L, Table S4), indicating that ND is a possible regulator
of YAP nuclear localization in 2D, 2.5D and 3D.

Interestingly, nuclear deformation remained the same in all
2.5D cases, although cell force increased with increasing stiffness
(Fig. 4B,F). This force (measured on 2.5D) is a fraction of the total
cell force and thus serves as a lower bound. This implies that cell
contractility is unable to cause enough ND in 2.5D. To resolve this
paradox, we examined the actin caps over the nuclei of the CAFs.
The perinuclear actin cap is defined as a thick layer of acto-myosin
filaments anchored to the apical surface of the nucleus [52]. Pre-
vious studies [53,54] suggest that actin caps are responsible for
compressing and deforming the nuclei of cells on 2D substrates.
We found that actin caps over nuclei of cells on 2D are well devel-
oped and uniform, compared to those in 2.5D where the actin caps
are not uniform (Fig. 5A-B). We also measured the average fluo-
rescence intensity from actin on the apical surface of the nuclei.
Fig. 5C shows that actin cap intensity on 2D is stronger compared
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to that on 2.5D. Hence, we hypothesized that cell nuclei on stiffer
2D substrates are under more compression from the actin cap and
thus have higher deformation compared to that in 2.5D.

ND is usually caused by the cytoskeletal forces on the actin
cap. Therefore, we anticipated that nuclear area and YAP would
correlate with cell traction force. Contradictorily, on 40 kPa 2.5D
substrates, nuc/cyt YAP is low, although the total force is higher
than 10 kPa 2D condition where nuc/cyt YAP is higher (Fig. 4B,C,E).
We hypothesized that a fraction of the total cell force contributes
to ND, not the entirety. Moreover, recent findings by Shiu et al.
[53] indicate that cell traction force from the perinuclear region
(~25 um radius) controls flattening on the nucleus. To test our hy-
pothesis, we measured the perinuclear traction force from a circu-
lar region defined by 25 um radius from the center of the nucleus
(Fig. 5D). Interestingly, the perinuclear force shows excellent corre-
lation with both ND and nuc/cyt YAP (Fig. 5E-F, Table S4), imply-
ing perinuclear force induced nuclear deformation influences nu-
clear localization of YAP. This suggests that total cell force is an
incomplete descriptor of nuclear deformation or YAP translocation.
It is the part of the force contributing to nuclear deformation and
hence YAP localization.
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3.4. Membrane curvature criteria significantly correlate with YAP
nuclear localization in vitro and in vivo

Transmembrane transport is a complex process, and it is not
clear whether and how nuclear deformation facilitates YAP trans-
port across nuclear membranes, especially in 3D matrices. In 2D
and 2.5D cultures, the projected nuclear area on the substrate
plane provides an approximation of nuclear deformation. However,
in 3D, such a parameter is inadequate, mainly due to the orienta-
tion of the nucleus with respect to the line of sight. Elosegui-Artola
et al. [19] proposed that stretching of nuclear membrane pores as
a result of flattening increases the import rate into the nuclei. We
hypothesize that nuclear flattening results in change of envelope
curvature that affects the influx and efflux of YAP to and from the
nucleus. We tested this hypothesis with CAFs on stiff 2D substrates.
CAFs were transfected with EGFP-YAP, prior to performing fluores-
cent recovery after photobleaching (FRAP) experiments. EGFP-YAP
inside the nucleus was photo-bleached, and recovery was mea-
sured at two locations - i) low curvature (x ~ 0, mid region) and
ii) high curvature (k ~ 1/h, near periphery) regions, where h is the
height of the nucleus near the periphery (Fig. 5G). As expected, we
found that recovery at high curvature locations was faster com-
pared to that near low curvature (Fig. 5H, S7, Movie 6). These re-
sults indicate that the influx of YAP through the flat regions of the
nuclear envelope (e.g. top and bottom) is slower, compared to im-
port through curved surfaces. However, further exploration is nec-
essary to verify this mechanism.

3.5. Cytoskeletal re-organization leads to lower nuclear deformation
and YAP in 2.5D and 3D

On 2D, CAFs have a well-developed actin cap that is anchored
mostly in the perinuclear region and thus compresses the nucleus
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(Fig. 6A, S8). Away from the perinuclear region, acto-myosin con-
tractility does not contribute to nuclear deformation, although it
adds to the total force measured by TFM. In contrast, on 2.5D, cells
form focal adhesions on the apical cell surfaces and thus actin
fiber orientation (with an under-developed perinuclear cap) does
not contribute to nuclear deformation (Fig. 6B, S9). Hence, increas-
ing cellular force with substrate stiffness fails to localize YAP in the
nucleus. In contrast, in 3D collagen, cell contractility deforms the
nucleus more efficiently. Here, cells become highly polarized, and
most of the contractile force contributes to deforming the nuclei.
In addition, ND is increased by the compression of the collagen
matrices as the cells migrate through its pores (Fig. 6C). For this
reason, CAFs in 3D can localize YAP in the nuclei with much lower
contractile force, and in much softer microenvironment in contrast
to that in 2D or 2.5D.

3.6. Nuclear YAP correlates with nuclear deformation in vivo

The tumor microenvironment (TME) is significantly more com-
plex compared to that of our simplified monoculture models in
vitro. In addition to heterogeneous physical conditions in the TME,
CAFs and other cells are constantly engaged in chemical and me-
chanical crosstalk. Therefore, it is not obvious if nuclear deforma-
tion will produce YAP activation in vivo similar to that we observed
in vitro. Consequently, we wanted to check if high ND and enve-
lope curvatures correlate with increased nuclear YAP in vivo. We
collected and stained human prostate (Fig. 7A) and colon (Fig. 7B)
cancer tissues for «SMA, YAP and nuclei to find if there is a cor-
relation between ND and nuc/cyt YAP in the TME. «SMA is highly
localized in the stroma and helps distinguish between epithelial
and stromal regions. Investigating the tissues, we found that the
nuclei in the stroma are more deformed compared to the nuclei
in the epithelium. We also found evidence that highly deformed
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and stretched nuclei have higher YAP in both prostate and colon
tumors. These findings corroborate the hypothesis that high mem-
brane curvature possibly enhances nuclear YAP in tumor cells. This
raises the possibility of using ND as a prognostic marker of YAP
activation in vivo.

3.7. Cell force dynamics in 3D is slower compared to that in 2D

Now that we have a relationship between (perinuclear) cell
force, nuclear deformation and nuclear YAP, we sought to deter-
mine the dynamics of contractility and relaxation, that will be uti-
lized to develop a predictive model for YAP activation kinetics. To
this end, we performed timelapse TFM for 2D and 2.5D cultures to
investigate the dynamics of cell traction force. For cells in 3D col-
lagen, we used a biophysical sensor [28] to measure contractility
with time. Cell force was measured every 5 minutes for ~24 hours.
Fig 7A shows that CAFs require a long time (~15-20 hrs) to reach
the maximum force in 3D collagen matrices. During this process,
cell contractility exhibits large fluctuations. On 2D and 2.5D, cells
reach a steady force within 4-6 hrs of plating. Force fluctuations in
these cases are smaller compared to the maximum force (Fig. 8B).
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As the cells transition from 2D to 2.5D, contractility is reduced to
a lower steady state (Fig. 8B) Also, cells exhibit a slower contractil-
ity rate in 3D compared to that in 2D and 2.5D. To quantify force
dynamics, we first evaluated force rates (time derivative of force)
at different time points (shown as orange curves in Fig. 8A-B). A
positive rate implies that the cell is actively contracting, while a
negative rate indicates that the cell is relaxing its force. The dura-
tion of time when a cell is continuously contracting, or relaxing is
referred to as residence time.

We quantified the residence times during 5-14 hrs for 2D cul-
ture and 6-22 hrs for 2.5D and 3D. We found that the residence
time in contraction (CRT) is significantly longer than the relaxation
residence time (RRT) in 3D and 2.5D (Fig. 8C-D). On 2D substrates,
however, the difference between CRT and RRT is not significant
(Fig. 8E). This suggests that in 3D, average cell force was increasing
with time during our observation, and it takes much longer time
for cells to reach a steady state compared to that on 2D, where
cells spend the same duration of time for increasing and decreas-
ing force. In 2.5D, cells exhibit a transitory behavior. With the ad-
dition of collagen on cells in 2D (beginning of 2.5D), cell traction
on 2D substrate decreases with time. Cells possibly shift part of
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the force to collagen ECM above the 2D substrate. Lastly, residence
times (i.e. CRT and RRT) become longer from 2D to 3D, indicating
slowing dynamics (Fig. 8F-G).

Next, we compared the force rates for different substrate stiff-
ness (Fig. 9). Similar to the total force, contraction and relaxation
rates are higher with increased stiffness (Fig. 9A-D). Moreover,
force rates (both contraction and relaxation) on soft 0.5 kPa sub-
strates are dependent on the ECM. With both 2D and 2.5D sys-
tems, we observed lower rates for collagen coating, compared to
fibronectin coating. Also, cells in 3D exhibit considerably slower
rates compared to cells in 2D and 2.5D (Fig. 9E-F). This implies
that changes in ND and nuclear YAP over time in 3D should also
be slow, compared to that in 2D.

3.8. A mathematical model simulating force-induced YAP transport
reveals the dynamics of sub-cellular YAP localization

YAP activation or nuclear localization is a dynamic process. It
is clear from our studies and others [19,53] that intracellular force,
or a fraction thereof, may deform the nucleus of cells on 3D and
2D cultures respectively, and that ND mediates nuclear localization
of YAP, although the mechanism by which ND facilitates YAP local-
ization remains unclear. Inside the nucleus, YAP pairs with DNA-
binding factors of the TEAD family to regulate gene expressions for
various cell functions [55]. The time constant for YAP localization
due to ND, i.e., the time it takes for YAP to enter the nucleus due to
an applied nuclear deformation, has been determined experimen-
tally and is found to be on the order of a minute (Fig. 5H). In con-
trast, cells take more than an hour to significantly change its force
state. Hence it is reasonable to assume that YAP activation dynam-
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ics follows cell force dynamics. The frequency of YAP nuclear lo-
calization above a threshold concentration, and its residence time
provides insight on the probable cell functions mediated by YAP
localization. Here, we develop a simple stochastic model to esti-
mate YAP dynamics, and the probability of YAP nuclear localiza-
tion above a given threshold, and its residence time. The model
simulates the dynamics of cell traction force and nuclear defor-
mation in order to predict the time-dependent fluctuations in YAP
nuclear localization. We developed the biomechanical model based
on our experimental data that provides a comprehensive descrip-
tion of cell force dynamics on various substrates, and the corre-
lation between force-induced nuclear deformation and YAP local-
ization. Using the model, we investigated how stiffness-dependent
contractility dynamics regulate nuclear deformation and YAP kinet-
ics. Next, we performed a Monte-Carlo simulation to gather deeper
insights into the effects of stiffness on persistence times of nuclear
YAP above different threshold nuc/cyt ratios.

The model considers a cell that generates force by deforming
the substrate/matrix from a zero-force state eq. 1-(5). Cell force
contributes to the deformation of the nucleus and nuclear local-
ization of YAP Fig. 10A). The model assumes that the cell con-
tracts to attain a steady state dependent on the matrix stiffness.
The steady state force is determined from the experimental mea-
surements corresponding to various stiffness. This constitutes the
deterministic component (Fy.) of the total cell force (eq. 3-(4). To
account for the short-term random force fluctuations as observed
in experiments, we added a stochastic component (F,,) to model
total cell force. Such fluctuations in contractility may result from
various cellular activities e.g. polarization, migration, and division.
The step sizes of Fg,, is determined from experimental force his-
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togram (eq. 5). Total cell force dynamics is described by the fol-
lowing set of equations-

t

Fy) = ZFt—AtAt (1)
t=0

F = Fger + F stoch (2)
F

Faet = KxXger = kxAx| 1 — — (3)
E,

F. = Fstau*(1 — e~ */ksan ) (4)

. either, contraction rate from PDF.= I;’f;c z"‘f*]e_(i)

stoch = ¢ _(L)ar (5)

or, relaxation rate from PDF. = ;ﬁ:, z%~le \Fr

Here, Fq4e is the deterministic component of force rate that
represents acto-myosin generated force which tends to stabilize
at F, (mean steady force on a substrate with stiffness k). X4e¢ is
the substrate deformation velocity due to Fger, Fsqn 1S the max-
imum single-cell force, and kggqy is the characteristic substrate
stiffness. To establish a relationship between cell force F and sub-
strate deformation, we assumed a linear relation (Fger = K*Xger),
given that substrate deformation by the cell force is small. Hence,
rate of change in force is proportional to substrate deformation
rate (or, deformation velocity).We simplified Hill's [34-36] force-
velocity relationship for muscles to obtain the following- Xger =
bafiE — pa( fie ya(1 - %) ~ Ax(1— ,‘:ik), where a indicates energy

F,
F+a F+a

103

per unit deformation (thus have unit of force), b is a constant of
rate of energy dissipation (unit of velocity), and A is assumed to be
a constant. This was utilized for calculation of force rate in eq. 3.
Typically, cells increase their force with increasing stiffness until
force reaches a plateau [45]. Hence, we assumed a saturating ex-
ponential that matches experimental results (eq. 4) to determine
relationship between steady force (F,) and stiffness (k). F stoch is
the stochastic force rate based on the empirical distribution data
presented in Fig. 9. ac(k), a;(k), and B.(k), B:(k) are fitting shape
and scale parameter pairs respectively of Weibull Probability Dis-
tribution Functions (PDF) for experimental contraction and relax-
ation rates (Table S2-3).

A fraction of the total force that is responsible for nuclear de-
formation is referred to as perinuclear force F, = yF (Fig. 10A).
Here, ¥ (< 1) is specific to culture conditions (e.g. stiffness and
dimension), and is determined from experimental results in Fig. 4-
5. The remainder of the force, not linked to the nucleus, is termed
cytosolic force F.. Nucleus is a viscoelastic material [46,56], hence
we simulated nuclear deformation according to viscoelastic Kelvin-
Voigt model (eq. 6).

(] _ e—knt/ﬂ)

E
—%

i (6)

Here, &, is the nuclear deformation; k, and 5 are nuclear elas-
ticity and viscosity, respectively. Next, kinetics of nuc/cyt YAP (Y)
is defined by a model for nucleo-cytoplasmic transport of tran-
scription factors by Peercy and Schneider [48]. For a given stiff-
ness, Nuc/cyt YAP ratio as a function of time, Y(t), is governed by
a first-order ordinary differential equation (eq. 7)-

) _
dt

&n =

—kpY + K, (7)
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[48], where kg and k; are effective efflux and effective influx rate
constants. For a simplified model, we assumed that influx rate k;
varies linearly with nuclear deformation (i.e. k; =aen +b) [19].
[19] This assumption is based on experimental results that show
increased YAP influx rate with increasing cell force and ND [19].
The same study reported that YAP efflux rate remained unchanged
with increased force or ND, hence we assumed kg to be a constant.

Simulation results for sample cells indicate that both force and
YAP fluctuate considerably with time (Fig. 10B), instead of reach-
ing a steady state. Hence, cells may switch between active and
inactive states, even on substrates with high stiffness. To gather
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insights into the stochastic process, we performed a Monte-Carlo
simulation (n=100) to investigate the relationship between YAP ac-
tivation thresholds, persistence time (duration of continuous active
state), and probability of active/inactive states for different sub-
strate stiffness. The mean force and nuc/cyt YAP, for different stiff-
ness, agree with our experimental results and literature (Fig. 10C-
F, [45,57-59]). Next, we performed a YAP threshold sweep and
determined the relationship with persistence times above (PTAT)
and below (PTBT) thresholds (Fig. 10G-H). The threshold nuc/cyt
YAP was varied between 1 to 2.6, as these ratios are relevant in
cancer and may activate different sets of downstream genes in
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an intensity and/or persistence-dependent manner. Remarkably, we
found that both PTAT and PTBT maintain a power law relationship
(Probability of persistence time co Y} ) with the threshold level, Yy,
We determined the values of the exponent, «, to be ~ -2.7 and
~2.8 for PTAT and PTBT, respectively. Interestingly, this slope is
stiffness-invariant, meaning that the curves shift up or down with
increasing or decreasing substrate stiffness. Hence, these relation-
ships can perhaps be inter- or extra-polated for other stiffnesses
that do not have experimental data. Finally, we measured the frac-
tion of total time that nuc/cyt YAP remains above the thresholds
(i.e. active state) that indicates the probability of YAP activation for
a certain threshold. As expected, for all stiffnesses, the probability
of active YAP decreases with increasing thresholds (Fig. 10I). With
increasing substrate stiffness, these curves shift towards the right,
indicating that higher stiffness enhances the probability of higher
nuc/cyt YAP (Fig. 10I).

3.9. YAP dynamics model for CAFs in 3D collagen

The mathematical framework for modeling YAP dynamics in
CAFs on 2D can be extended for 3D cases with some minor adjust-
ments. First, the scale and shape factors (ac(k), or(k), and Bc(k),
Br(k)) were determined by fitting Weibull Probability Distribution
Functions (PDF) for contraction and relaxation rates for CAFs in 3D.
Next, we changed the loading configuration to determine nuclear
deformation. For 2D cases, we assumed compressive loading that
is applied by the actin cap to flatten the nucleus. For 3D cases,
we assumed tensile loading that elongates the nucleus to deter-
mine nuclear deformation (&n). The rest of the model was kept
unchanged. Fig. 10J-M shows force and YAP dynamics simulated
by the model. These results provide critical insights into the dy-
namics of YAP activation that can be extremely useful in clinical
applications targeting YAP-dependent signaling.

4. Discussion

YAP is a transcription activator that plays critical roles in vari-
ous diseases, development, and homeostasis [10,55,60,61]. Its reg-
ulation involves both biochemical and mechanical cues. Biochem-
ically, YAP is controlled by the Hippo signaling pathway [8]. Me-
chanically, YAP responds to cues such as ECM rigidity, cytoskele-
tal tension, spreading area and strain [9,18,19,21,23]. However, the
specific contributions of these elements and the mechanisms by
which mechanical signals regulate YAP are still unclear. This paper
explores the role of biophysical cues for nuclear localization of YAP
in colorectal CAFs.

We found that cell traction depends on ECM and dimension-
ality. Cell contractility and the rate of contraction/relaxation on
2D are higher than those in 2.5D; although the spreading area is
smaller (on 2D compared to that in 2.5D). We hypothesize that
stress relaxation in collagen is likely to be responsible for such re-
sponse from the cells. Polyacrylamide gels are linear elastic; hence
cells can form and mature more focal adhesions that help generate
higher force on 2D. However, in 3D viscoelastic collagen, formation
of mature focal adhesions is reduced due to viscous relaxation of
stress. As a result, cell force in 3D collagen is lower than that in
2D. Also, to compensate for low forces in collagen, cells tend to
spread more in 2.5D compared to 2D.

We also found that irrespective of stiffness, cell force or spread-
ing, ND and nuclear YAP in 2.5D is very low. This finding suggests
a contradiction to the assertions made by Fischer et al. [49], where
it was proposed that 2.5D substrates mimic stiffness-controlled 3D
matrices. Development of focal adhesions and traction with apical
collagen scaffolds in 2.5D leads to re-distribution of cytoskeletal
force away from the nucleus, reducing nuclear deformation. In 3D,
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the cells become polarized, and the actin stress fibers form a bun-
dle around the nuclei. As a result, the entire cell force might be in-
volved in nuclear deformation. Cartoon models of the cytoskeletal
configuration (Fig. 6A-C) illustrate the re-distribution in different
microenvironments that present distinct physical cues.

On 2D, our results agree with studies [9,17,62,63] that found
substrate stiffness, total force, cell spreading area and F-actin stress
fibers to correlate with nuclear YAP. In 3D, however, such correla-
tion is not evident in many cases [20,22]. Our results with differ-
ent 3D matrices (e.g. collagen and Col-Tgel [64]) corroborate these
findings. We found that high stiffness in collagen (achieved by ap-
plying strain on the matrix) induced nuclear accumulation of YAP
(Fig. 3C). On the other hand, there was no significant difference
in YAP nuclear localization in Col-Tgel with 0.5 and 10 kPa elastic
modulus (Fig. S10). It should be noted that both collagen and Col-
Tgel present similar adhesion motifs (RGD sequence) to the cells.
This raises the question whether there is a common mechanism of
YAP activation across all dimensionalities. Indeed, our results re-
veal that nuclear deformation triggers YAP activation in both 2D
and 3D conditions. In Col-Tgel matrices, both soft and stiff, ND was
low which resulted in low nuc/cyt YAP ratios. In contrast, strain-
stiffened collagen matrices allowed cell elongation and higher ND
leading to YAP nuclear translocation aided by high influx rates
through regions of high membrane curvature. These results es-
tablish that nuclear deformation is a strong mechanotransduction
checkpoint for YAP activation in CAFs. Our in vivo data is limited to
CAFs in primary human colon and prostate cancers. However, solid
tumors with increased stiffness where CAFs are abundant, typi-
cally have similarities in cancer progression. In addition, our strain-
stiffened collagen matrices mimic the tumor stiffness (~10 kPa), as
well as fiber alignment observed in most solid tumors [32,65-70].
Hence, we believe that the results are relevant for breast and pan-
creatic cancer as well [71].

Finally, we investigated how cell force dynamics regulate nu-
clear deformation and YAP kinetics to control subcellular localiza-
tion of the transcription factor. It is crucial to have a clear under-
standing of the dynamics in order to predict the accurate effects
of nuclear localization of YAP. The time it takes for YAP activa-
tion to translate to downstream signaling can vary depending on
a number of factors, including the cell type, the specific signal-
ing pathway involved, and the nature of the downstream effectors
[72]. Earlier studies have suggested that YAP activation can lead to
downstream signaling within minutes to hours of activation. For
example, YAP regulation in liver cells led to the modulation of
genes involved in differentiation, extracellular matrix synthesis and
fibrogenesis within 30 mins to 24 hrs of YAP (in-)activation [73,74].
Some other downstream effects of YAP activation may take longer
to manifest [73]. Another study with epithelial ovarian canscer
cells found that YAP activation stimulated long-term (16 hr) cell
migration through downstream activation of amphiregulin (AREG)
and epidermal growth factor receptor (EGFR) [75]. In addition, a
different set of genes may require a different level (threshold) of
nuclear YAP to induce the intended effects. Therefore, persistence
times of YAP above certain thresholds may play important roles
in determining the downstream effects of YAP signaling. Short-
term YAP activation (lower persistence times) may lead to tran-
sient changes in gene expression and downstream signaling, while
long-term YAP activation (higher persistence times) may lead to
more sustained changes and potentially deleterious effects. To our
knowledge, there is no information in the literature about the per-
sistence times of YAP activities.

We developed a mathematical model to predict the time-
dependent nucleo-cytoplasmic YAP transport in response to cel-
lular force variations. While studies on YAP dynamics are scarce,
recent experimental results [76-78] on YAP dynamics qualitatively
agree with our in silico predictions of YAP fluctuations. Monte Carlo



B. Emon, M. Saddam H. Joy, L. Lalonde et al.

simulations of YAP dynamics showed that YAP in CAFs can switch
between active and inactive states, and the persistence time of ac-
tive YAP shows a power law dependence with respect to the ac-
tivation thresholds. This means that the probability of YAP being
localized in nucleus decreases as the activation threshold increases
(Fig. 10I). These results can potentially be interpolated for a wide
range of physiological stiffness and thus become extremely useful
in clinical prognosis, where the tumor stiffness and YAP-threshold
can predict the probability of metastasis or relapse. However, fur-
ther research is necessary to establish the relationship between
YAP thresholds and downstream metastatic outcomes.

Overall, the study provides biophysical insights into the mech-
anisms of YAP activation, its persistence and probability. The re-
sults can be useful in clinical applications targeting YAP-dependent
signaling, as understanding the precise kinetics of YAP activation
and downstream signaling may have important therapeutic impli-
cations. The study highlights the importance of considering the
temporal dynamics of YAP signaling and its implications for cel-
lular behavior and disease. Understanding the precise kinetics of
YAP activation and downstream signaling may also have impor-
tant therapeutic implications, as targeting YAP has emerged as a
promising strategy for the treatment of various cancers and other
diseases where aberrant YAP activity is observed [79,80].
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