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ABSTRACT Membrane binding and unbinding dynamics play a crucial role in the biological activity of several nonintegral
membrane proteins, which have to be recruited to the membrane to perform their functions. By localizing to the membrane, these
proteins are able to induce downstream signal amplification in their respective signaling pathways. Here, we present a 3D
computational approach using reaction-diffusion equations to investigate the relation between membrane localization of focal
adhesion kinase (FAK), Ras homolog family member A (RhoA), and signal amplification of the YAP/TAZ signaling pathway.
Our results show that the theoretical scenarios in which FAK is membrane bound yield robust and amplified YAP/TAZ nuclear
translocation signals. Moreover, we predict that the amount of YAP/TAZ nuclear translocation increases with cell spreading,
confirming the experimental findings in the literature. In summary, our in silico predictions show that when the cell membrane
interaction area with the underlying substrate increases, for example, through cell spreading, this leads to more encounters be-
tween membrane-bound signaling partners and downstream signal amplification. Because membrane activation is a motif com-
mon to many signaling pathways, this study has important implications for understanding the design principles of signaling
networks.

SIGNIFICANCE Although it has been shown that membrane localization of signaling proteins can lead to signal
amplification, this has not been studied for focal adhesion kinase (FAK) and Ras homolog family member A (RhoA), which
are key players in YAP/TAZ signaling. By developing and applying a computational model to various membrane binding
scenarios in a realistic cell, we have been able to show that cases with membrane-bound FAK and RhoA yield an amplified
YAP/TAZ response downstream of FAK. The results of this study represent an important step toward understanding how
FAK membrane binding (dynamics) can affect YAP/TAZ signaling.

INTRODUCTION roles in developmental processes, tissue homeostasis, and
malignancy (8—14).

Importantly, the interactions between cells and their envi-
ronment occur via transmembrane integrin molecules, of
which some induce downstream YAP/TAZ translocation.
Recent studies have shown that the integrin family of matrix
adhesions is very heterogeneous in terms of size, subcellular
distribution, and dynamic composition (15,16). Further-
more, their biological activity is dependent on their interac-
tion with cytoplasmic proteins, which form, via binding and
unbinding, the focal adhesion complex (17,18). Binding of
the extracellular domains of integrins to their ECM ligands
triggers conformational remodeling of their « and § sub-
units, which in turn leads to the presentation of binding sites
to cytoplasmic proteins (16). Several theoretical and exper-

Several studies have pointed toward the influence of cell
shape and spreading on cell signaling (1-7). Halder et al.
(3) have shown, for example, that irrespective of substrate
stiffness, Yes-associated protein (YAP) and its ortholog tran-
scriptional coactivator with PDZ binding motif (TAZ),
commonly referred to as YAP/TAZ, were mainly nuclear
in spread cells on large adhesive islands. On the other
hand, YAP/TAZ was mainly cytoplasmic in round cells on
confined adhesive islands. By controlling organ size via
the integration of mechanical stimuli (8-14), YAP and
TAZ have been shown to have ubiquitous physiological
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the cell membrane and amplify signals from the membrane
(19-24). In particular, the adsorption of a protein to a mem-
brane surface will increase its relative probability of
encountering its reaction partner, resulting in an increased
reaction rate because of the higher (local) concentration
(19). For example, Kholodenko et al. (19) theoretically
showed that membrane localization increases the lifetime
of complexes formed between signal transduction partners
at the membrane, thus leading to an increased downstream
activation. In support of this idea, epidermal growth factor
receptor (EGFR)-bound Sos (homolog of Drosophila mela-
nogaster’s “Son of sevenless” protein) and Ras GTPase-
activating protein (RasGAP) lead to a 10%- to 10°-fold
increase in affinity for Ras when restricted to a small volume
close to the membrane. This experimental observation has
been confirmed by computational modeling (19). Indeed,
in the absence of membrane recruitment, to account for
the observed activation and deactivation rates of Ras, a
10°-10? increase in the Sos and RasGAP cytosolic concen-
trations would be required (25). Alternatively, the mem-
brane can constrain protein mobility and orientation, again
influencing the (local) reaction rate (19). Therefore, under-
standing how proteins bind and unbind to the membrane
and the subsequent induced responses downstream is of
great importance to the study of signal transduction. In
this study, we want to investigate whether similar mecha-
nisms are at play for the YAP/TAZ signaling pathway.
Given the complexity and number of interactions in the
YAP/TAZ signaling pathway, computational modeling is
an interesting tool to conduct in silico experiments in a sys-
tematic way. More importantly, it allows us to theoretically
explore scenarios that are experimentally impossible and as
such improve our understanding of the design principles of
the signaling networks (26). For example, Spill et al. (27)
used an in silico approach to investigate YAP/TAZ stiffness
sensing. They showed, among others, that changes in the
total focal adhesion kinase (FAK) concentration, which
represents the model input signal, resulted in different pat-
terns of YAP/TAZ stiffness response (19). Scott et al. (28)
have investigated the effect of substrate dimensionality,
i.e., two-dimensional (2D) or three-dimensional (3D)
cell-substrate interactions, on YAP/TAZ signaling. Their
model results indicated that substrate dimensionality is in-
terpreted differently by the membrane, cytoskeletal, and
nuclear modules of the YAP/TAZ signaling cascade
because of differences between the surface activation
area (i.e., the 2D substrate contact area where FAK is acti-
vated) and the membrane reaction area (i.e., the entire
plasma membrane area where RhoA binding and down-
stream reaction occurs). As such, these results highlight
that the cell’s surface area available for membrane reac-
tions is an important factor in YAP/TAZ mechanotransduc-
tion. Moreover, by altering the diffusivity of FAK and thus
the localization of FAK activation, they showed that the nu-
clear YAP/TAZ fraction increased with increased FAK
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diffusion coefficient and that this effect is attenuated with
increased cell spreading.

In this theoretical study, we aim to build on the above
modeling works and investigate the influence of FAK and
RhoA localization on YAP/TAZ nuclear translocation. In
particular, we implement five different FAK and RhoA acti-
vation combination modalities, i.e., cytosolic versus mem-
brane bound, and explore the effect of spatial localization,
diffusivity, and membrane (un)binding rates on downstream
YAP/TAZ signaling. We seek to understand whether mem-
brane binding has a signaling advantage and help under-
stand the experimental observations reported in literature.
We use the YAP/TAZ signaling pathway, for which we
extended the well-mixed computational YAP/TAZ model
of Sun et al. (27) from a one-dimensional (1D) to a 3D
description, similar to Scott et al. (28). Because many
signaling pathways are activated at the membrane, under-
standing their activation pattern and the influence on the
downstream signaling thereof is of the highest importance
to develop improved cell culture and organoid models as
well as advanced regenerative medicine therapies.

MATERIALS AND METHODS
YAP/TAZ nuclear translocation model

We studied the relationship between cell shape, cell spreading, and YAP/
TAZ nuclear translocation under five different FAK and RhoA activation
modalities by using the 1D model of Sun et al. (27), which we extended
to three dimensions to include spatial effects by approximating the
signaling cascade as a reaction-diffusion system, similar to Scott et al.
(28). We performed the implementation in Virtual Cell, a computational
and simulation platform (29,30).

Briefly, in this work, we model the YAP/TAZ signaling cascade as fol-
lows (see Fig. 1). As the initial activation of the signaling cascade, we
model the FAK activity and investigate the influence of cytosolic or mem-
brane activation (see Fig. 2) (31). The first downstream effector of FAK is
the small GTPase RhoA, whose active form binds to the cell membrane.
Activated RhoA can in turn activate mDia and ROCK (32,33). mDia plays
arole in stress fiber and filopodia formation and accelerates the elongation
of actin filaments (34). ROCK acts on two downstream effectors: myosin
and LIM-kinase (LIMK) (35). ROCK favors myosin activity through phos-
phorylation of its light chain and inhibition of myosin phosphatase (36).
The activation of LIMK leads to the inactivation of cofilin, an F-actin
cleaving protein (35). This actomyosin activity (i.e., contractility) and stress
fiber assembly, as favored by ROCK, translates into YAP/TAZ nuclear
translocation (3,8-10,37).

In silico model experiments

It has been established that the activation of RhoA occurs at the membrane
with the involvement of GEFs (guanine nucleotide exchange factors), gua-
nine nucleotide dissociation inhibitors, and GAPs (GTPase-activating pro-
teins), whereas the inactive RhoA remains cytoplasmic (38—41). However,
recent findings have shown that active and inactive forms of Rho GTPases
can coexist on the membrane and can be continuously extracted from the
membrane by guanine nucleotide dissociation inhibitors, with the active
form being quickly recycled back to the membrane (40), which is captured
in the model cases 2, 4, and 5 (see below). Interestingly, overexpression
and mutations in the hypervariable regions that are involved in the locali-
zation control of the Rho GTPases have been associated with increased
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FIGURE 1 YAP/TAZ nuclear translocation signaling cascade. In our pro-
posed model, the YAP/TAZ signaling cascade is triggered by the activation
of FAK at the membrane or in the cytosol (see Fig. 2 for the different acti-
vation modalities). The net effect is the phosphorylation of YAP/TAZ under
the influence of actomyosin activity, which is in turn translated into YAP/
TAZ nuclear translocation. Note that we do not model the entire focal adhe-
sion complex at the membrane but approximate this by FAK activation at
the membrane.

cytosolic sequestration (42-45), which we model in cases 1 and 3 (see
below).

Similarly, it has been shown that FAK is activated at the focal adhesion
complex and cycles between the membrane and cytoplasm with focal adhe-
sion assembly and disassembly (46,47), which we model in case 5 (see
below). On the one hand, point mutations in the FAT domain of FAK can
inhibit FAK recruitment to focal adhesions by abrogating FAK-paxillin
interaction (48,49), resulting in exclusively cytoplasmic FAK. In addition,
other authors have reported that active FAK can be found in the cytoplasm
(which we model in cases 1 and 2; see below), and even translocate from the
cytoplasm to the nucleus (46,50,51). On the other hand, Emelia and Tum-
barello (52) have shown that depletion of FIP200 and loss of Atg5 (two au-
tophagosome regulators) lead to retention of active FAK at focal adhesions,
which we model in cases 3 and 4 (see below).

Importantly, the particular localization of FAK or RhoA has been shown
to influence downstream YAP/TAZ signaling. For example, Valon et al. (53)
showed that plasma membrane localization of an engineered optogenic
RhoA activator (optoGEF-RhoA) leads to YAP nuclear localization,
whereas mitochondrial localization is associated with a decrease in nuclear
YAP. Similarly, lovastatin, a small molecule that prevents membrane local-
ization of RhoA, was found to inhibit the nuclear localization of YAP
(54,55). Moreover, alternative splicing of FAK, shown to result in reduced
focal adhesion formation, increased the cytoplasmic localization of FAK
and reduced nuclear YAP (56,57).

In summary, to adequately compare the effect of cytoplasmic and mem-
brane localization of RhoA and FAK on the YAP/TAZ nuclear translocation
response and based on the previous observations, each of the following five
model cases was chosen such that we could progressively build from an all-
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cytoplasmic localization of RhoA and FAK to different scenarios of mem-
brane localization (see Fig. 2).

1. Case 1: FAK and RhoA are cytosolic and get activated in the cytoplasm.
They both freely diffuse within the cytoplasm.

2. Case 2: FAK is cytosolic and RhoA is membrane bound (part of the focal
adhesion complex); FAK is activated in a small region (0.5 um in height)
close to the membrane at the base of the cell.

3. Case 3: FAK is membrane bound and does not diffuse within the mem-
brane (part of the focal adhesion complex). RhoA is cytosolic and freely
diffuses within the cytoplasm.

4. Case 4: FAK and RhoA are both membrane bound (part of the focal adhe-
sion complex), and RhoA can bind and unbind from the focal adhesion
complex. Additionally, FAK does not diffuse within the focal adhesion
complex, but RhoA can diffuse within the membrane and in the cytoplasm.

5. Case 5: FAK and RhoA are both membrane bound (part of the focal
adhesion complex); they can both bind and unbind from the focal adhe-
sion complex. FAK does not diffuse within the focal adhesion complex,
whereas RhoA can diffuse within the membrane. Both FAK and RhoA
diffuse within the cytoplasm.

The 0.5 um band in case 2 is used to represent a very small zone of activation
of FAK close to the membrane, which models the focal adhesion region
without explicitly segregating FAK from the cytosol. We chose 0.5 um
because it was the smallest distance that could be achieved at the mesh size
we used while keeping the same initial FAK number of molecules across cases.

Model equations

In the computational model, all proteins have an active and inactive form;

G-actin represents the inactive form of F-actin. The active form represents

the phosphorylated state, except for cofilin, which gets activated upon

dephosphorylation (35). The dynamics of the active and inactive forms of

the signaling molecules are described in general terms in Eqs. 1 and 2.
Active forms (general equation) are as follows:

S
a:Qs,XSi_dSXS-FDSXVzS. )

The active protein is denoted with S, and the inactive is denoted S;. Oy,
represents the activation rate of the inactive form, and dg represents the
degradation rate of the active form (in both Eqs. 1 and 2). D; represents
the diffusion coefficient.

Inactive forms (general equation) are as follows:

as;
E =ds X S_QS,' X Si+DS, X stl‘. 2)

The equations for the dynamics of specific proteins presented in Eqs. 3, 4,
5,6,7,8,9, 10, 11, 12, 13, 14, and 15 focus on the active forms and are
adapted from Sun et al. (27). Because we focus on YAP/TAZ signaling re-
sulting from FAK activation only, we removed the baseline activation of
RhoA, Myosin, LIMK, and F-actin by other pathways, i.e., independent
from the FAK signaling cascade, as well as the LATS-related terms
(LATS,, and LATSp) and the constitutive baseline activation of YAP/TAZ
(Kcn). All the parameter values are found in Table 1, and the equations
are further detailed below.

The model equations Egs. 3, 4, 5, 6, 7, 8,9, 10, 11, 12, 13, 14, and 15
describe the standard scenario (case 5). In this scenario, both FAK and
RhoA can cycle between their membrane-bound forms and their cytosolic
freely diffusing forms. Inspired by Spill et al. (67) and Holmes et al. (68),
we distinguish between membrane-bound inactive FAK (FAK,,;) and RhoA
(RhoA,,;), membrane-bound active FAK (FAK) and RhoA (RhoA), and cyto-
solic inactive FAK (FAK,;) and RhoA (RhoA.;). Importantly, although we
acknowledge the complex and dynamic composition of the focal adhesion
complex, we approximate it here by a FAK activation at the membrane.
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FIGURE 2 FAK and RhoA activation modal-
ities. Schematic representation of the different
cases depicting the FAK and RhoA activation mo-
dalities is given. The top part of a quadrant shows
the realistic cell shape used in the model; the bot-
tom part shows the signaling pathway, with the
dashed line representing the downstream reactions
in the YAP/TAZ signaling pathway, here omitted.
The subscripts ci and mi denote the inactive cyto-
solic and membrane-bound forms, respectively,

Case 4
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Case 5

and the active cytosolic, membrane-bound, and
cytosolic forms are denoted by c¢ and m, respec-
tively. The inactive forms cycle between inactive
cytosolic forms (FAK,; and RhoA_; in cases 4 and
5) and inactive membrane-bound forms (FAK,,;,
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exclusively in case 5, and RhoA,,; in cases 4 and

; 5). Furthermore, downstream signaling always
i | starts from the active RhoA, which can be mem-
brane bound (cases 2, 4, and 5) or cytosolic (cases

1 and 3). The region of active FAK initialization is

shown in light grey in the cell outline. PM, plasma
membrane.

Inactive cytosolic FAK (FAK,;) diffuses in the cytosol with a diffusion
coefficient Drak,, (Eq. 3). It then binds to the membrane in a reversible
manner at respective binding and unbinding rates KF,, and KF,; (see
Boundary conditions). The membrane-bound form of inactive FAK (FAK,,,;)
results from the inactivation of the active bound form of FAK (FAK). The
YAP/TAZ signaling cascade is initiated by setting a predetermined initial
amount of active FAK, which then decays with time (Eq. 5).

FAK,;:

% = Drax, X V'FAK,;. )
FAK,,;:
% =Ky X FAK + Dpag,, X V’FAK,;. (4
FAK:
aFE;L:K = — Ky x FAK + Drax x V?FAK. )

Just like the inactive cytosolic FAK, the inactive cytosolic RhoA (RhoA,;)
only diffuses in the cytosol with diffusion coefficient Dgj,a,, (Eq. 6).
RhoA_;:

ORhoA,;
" = Dioa,, x VRhoA,;. ©)
RhoA,,,;:
ORhOA,
a—(; = Kyy % RhoA — K;,FAK®> x RhoAy; + Dgyon,,
X V2RhoA,.

)

Inactive cytosolic RhoA binds to the membrane with a rate K,, (see
Boundary conditions). The inactive membrane-bound RhoA unbinds at a
rate K, diffuses on the plasma membrane with a rate Dgjoami> gets acti-
vated by FAK at a rate Kp,, and degrades at a rate dK,, (Eq. 8).

RhoA:

ORhoA

TR K;,FAK*RhoA.,,;

— K4,Rh0A + DgjosV*RhoA.
®)

Note that the inactive form of RhoA is assumed to diffuse 500 times faster
in the cytoplasm than the active membrane-bound form (see Table 1) to cap-
ture the relative immobility of the proteins in the focal adhesion complex.

Downstream of RhoA, there are several cytoskeletal regulators whose
dynamics are described from Eqs. 9, 10, 11, 12, 13, 14, and 15. RhoA ac-
tivates mDia and ROCK (32,33). ROCK is a cystoskeleton-associated pro-
tein kinase involved in cell shape regulation and mDia is involved in
accelerating the actin polymerization rate (515 times) (27,34).

ROCK:

OROCK

o~ = — Kiroa X ROCK + Dyoc x V2ZROCK. (9)

In Eq. 9, K0 18 the degradation rate of ROCK, and Dgock is the diffu-
sion coefficient of ROCK.
mDia:
OomDia

T — K4y X mDia +D,, x V’mDia. (10)

In Eq. 10, Ky, is the degradation rate of mDia and D,,, the diffusion coef-
ficient of mDia. It should be noted that the inactive forms of ROCK and mDia
getactivated by interacting with active RhoA at the membrane (see Boundary
conditions). Active ROCK and mDia then diffuse from their activation at the
plasma membrane into the cytoplasm. Also, other activation modes have
been explored; see the section In silico model experiments as well as Fig. 2.
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TABLE 1 Parameter settings
Parameter Definition Value References
K, FAK-dependent RhoA 9572 @7
phosphorylation
mDiay, mDia threshold 0.13 uM 27)
Kap RhoA dephosphorylation 0.625 s~ (58)
ROCK,;, ROCK threshold 0.26 uM 27
LD ligand density 2 (59)
C ligand density x Emol when the FAK 45 uM 27)
activation is K/2
Ky FAK dephosphorylation rate 0.035s~" (59)
K FAK activation rate due to integrin activation 0.3795 s~ (59)
K, RhoA-dependent ROCK activation 225t uM™! (60,61)
Kd, e ROCK degradation rate 085! 27)
K, ROCK-dependent LIMK 0.07 57! 27)
activation rate
K LIMK degradation rate 25 27
T ROCK-dependent LIMK 200 uM ™! Q@7
activation amplification
K, mDia degradation rate 17! 27)
Kinp RhoA-dependent mDia s uM™! @7
activation
Ky myosin activation rate 0.015 7! adapted from (27)
Keamy myosin degradation rate 0.067 s~ ! (62)
€ ROCK-dependent myosin 40 uM ! 27)
activation
E stiffness of substratum 10° kPa (63,64)
Kiimover cofilin dephosphorylation rate 0.04 7! (65)
K, LIMK-dependent cofilin 0.7 uM 257! (41)
phosphorylation rate
« mDia-dependent F-actin activation amplification 40 uM ! 27)
Keep F-actin depolymerization rate 355! (66)
Kape cofilin-dependent F-acting severing rate 8s ' uM ! (27)
K F-actin polymerization rate 045! 27)
Key YAP/TAZ nuclear import rate 045! fitted
K., cytoplasmic YAP/TAZ phosphorylation rate 20 uM ™' 57! 27)
Ky cytoplasmic YAP/TAZ dephosphorylation rate 0.1 uM 57! 27)
KF,, FAK membrane binding rate 0.029 57! (18)
KF,z FAk membrane unbinding rate 0.017 ,um’1 st (18)
K,, RhoA membrane binding rate 205! estimated
Ko RhoA membrane unbinding rate 0.5 um~'s7! estimated
Dragei diffusion coefficient of inactive cytosolic FAk 15.96 um?* s~ calculated
Drioaci diffusion coefficient of inactive cytosolic RhoA 28.03 ,um2 s7! calculated
Drioa diffusion coefficient of active RhoA 0.06 um?s~! calculated
Drock diffusion coefficient of ROCK 1139 um>s™' calculated
D,, diffusion coefficient of mDia 15.16 um?* s~ calculated
D,y diffusion coefficient of myosin 9.76 um?* s~ ! calculated
Dyux diffusion coefficient of LIMK 18.82 um? s~ calculated
D, diffusion coefficient of cofilin 29.44 um? s~! calculated
Dreyo diffusion coefficient of F-actin 0.001 ym?s~! calculated
Dg.aciin diffusion coefficient of G-actin 22.58 umz s7! calculated
Dyapraze diffusion coefficient of cytoplasmic active YAP/ 20.71 pm? s~ calculated

TAZ

ROCK acts on two downstream effectors; myosin and LIMK. ROCK fa-
vors myosin activity through phosphorylation of its light chain and inhibi-
tion of myosin phosphatase (35).

Myo:

oM
a;yo = Kmy X € X TR()CK X MyO,' *Kdmy X MyO +Dmy
x V*Myo.

)
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The activation of myosin is represented by K,,,, the degradation rate is
Kamy> and its diffusion coefficient is D,,, (Eq. 11). Here, ¢ is the active
myosin amplification rate by active ROCK.

LIMK:

OLIMK

ot
+ Dypx X V2LIMK.

= Kh' X T X TROCK X LIMK, *Kd] x LIMK

12)



The activation rate of LIMK is K;,, and K, is the degradation rate and
Drux the diffusion coefficient (Eq. 12). Trock is the corresponding
threshold function for ROCK (see below). The activation of LIMK leads
to the inactivation of cofilin, an F-actin cleaving protein.

Cofilin:
dCofilin
ot

+D. x V*Cofilin.

= Kpmover % Cofilin; — K, x LIMK* x Cofilin

13)

In Eq. 13, Kymover 18 the cofilin activation rate, K, is the cofilin deacti-
vation rate, and D, is the diffusion coefficient of cofilin. mDia and cofilin
are involved in the assembly and disassembly of filamentous actin from

YTNF =

Modeling YAP/TAZ nuclear translocation

by a threshold T function (Eqs. 16 and 17), similar to (27). The linear region
of the T function corresponds to a scenario in which the ROCK or mDia
concentration value is above ROCKp or mDiag.

0 when ROCK <ROCKp
ROCK — ROCKp when ROCK >ROCKjg "

(16)

TROCK

T 0 when mDia <mDiag a7
mDia N mDia — mDiag when mDia>mDiag’

In the results, we calculate the YAP/TAZ nuclear fraction (YTNF) as
follows:

YAPTAZ,(number of molecules)

YAPTAZ, + YAPTAZ,; + YAPTAZ,(number of molecules)

and to globular G-actin subunits, respectively.
Cytosolic F-actin:

0F cyto
af =Ky X a X T,pis x mDia x Gactin — Ky,
x Feyto — Ky x Cofilin X Feyto + Drey, X Vchyto.

(14)

In Eq. 14, K;is the assembly rate, K., the depolymerization rate, K. the
disassembly rate, and Dp.,, the diffusion coefficient of F-actin. T,,,p;, is the
corresponding threshold function for mDia (see below). G-actin, considered
as the inactive form of F-actin, diffuses with diffusion coefficient 22.58 ,um2
s~ !, estimated from the Stokes-Einstein relation (69). Here, we assign an
arbitrary low diffusion coefficient (i.e., 0.001 um? s7!) to F-actin because
it is a filamentous protein made up of G-actin subunits.

Nuclear translocation of YAP/TAZ depends on actomyosin activity (i.e.,
contractility) and stress fiber assembly, as favored by ROCK (27). To cap-
ture these mechanochemical effects, we implemented Eq. 15, in which
Fcyto and Myo influence the activation of the inactive cytosolic YAP/
TAZ. The active cytosolic YAP/TAZ subsequently translocates into the nu-
cleus. As such, we distinguish between inactive cytoplasmic YAP/TAZ
(YAPTAZ,,), active cytoplasmic YAP/TAZ (YAPTAZ,), and nuclear YAP/
TAZ (YAPTAZ,) which refers to the amount of YAPTAZ, which is shuttled
in the nucleus (see Boundary conditions; Eqs. 15 and 24).

YAPTAZ. (active cytoplasmic YAP/TAZ):

0YAPTAZ.
ot
X YAPTAZC +DYAPTAZC X VZYAPTAZL

= K., x Fcyto x Myo x YAPTAZ; — K,

as)

In Eq. 15, inactive YAP/TAZ (YAPTAZ,;) gets activated by phosphoryla-
tion at a rate K., and gets deactivated by dephosphorylation at a rate K.
Dyapraz. is the diffusion coefficient of active cytosolic YAP/TAZ. The
notion that ROCK and mDia concentrations have to exceed a threshold
value to trigger LIMK and G-actin activation, respectively, is approximated

Boundary conditions

The boundary conditions represent mathematically what happens at the
boundaries of the specified domain, i.e., whether components can enter or
leave the system or move from one domain (e.g., the cytoplasm) to another
(e.g., the nucleus).

Boundary condition at the plasma membrane for FAK, RhoA,
ROCK, and mDia

The boundary condition for FAK, for case 5 (see Eq. 18 below), at the
plasma membrane is such that the (un)binding events are in balance with
the diffusive flux:

— Drak,, X e, X VyFAK,;
(18)
= (KFon X FAK(:I'_N X KFOﬁf X FAK,,,,—).

For RhoA in cases 2, 4, and 5, we have a boundary condition as follows:

_DRhaA(.,- X e, X VthOA“'

(19)
= (K, X RhoA,; —N x Koz X RhoA,;),

where V is the cytosol domain, e, the unit outward normal vector at the
membrane, and the terms e,, X VyFAK,; and e,, X Vy RhoA_,; the projection
of the gradient of FAK.; and RhoA_; on the unit normal vector on the surface,
similar to Spill et al. (67).

In case 3, RhoA_; has the following boundary condition because it gets
activated by interacting with active FAK at the membrane:

—Dgion, X €, X VyRhoA,; = N x K;, x FAK?
X RhoA,;. (20)

ROCK and mDia have the following boundary conditions in cases 2, 4,
and 5 because they get activated by interacting with active RhoA at the
membrane:
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TABLE 2 Initial concentrations used in the YAP/TAZ nuclear translocation model

Species Inactive Active
FAK_ 1,260,018.86 molecules (0.75-2.0 uM) -
FAK,,; 0 uM -

FAK® - 58,104.35 molecules (0.035-0.25 uM)
Cofilin 1 uM 0 uM
RhoA_; 1 uM -
RhoA,,; 0 uM -

RhoA - 0 uM
LIMK 1 uM 0 uM
Actin 0 uM (G-actin) 1 uM (F-actin)
YAP/TAZci 1 uM -
YAP/TAZc - 0 uM
YAP/TAZn - 0 uM
FAK 3.5 uM 0 uM
mdia 1 uM 0 uM
ROCK 1 uM 0 uM
myosin 1 uM 0 uM

Note that G-actin is the inactive form of F-actin. Note that when Virtual Cell determines the number of molecules, based on the domain volume and specified

concentration, it does not round off to the nearest whole number.

“The initial number of molecules of inactive (cytosolic) form correspond to 0.75 uM in cases 1, 2, and 5 and 2.0 uM in cases 3 and 4 for a standard cell of base

radius 16 pum.

®The number of molecules of the active form correspond to a concentration of 0.035 uM for case 1, 0.36 uM for case 2, and 0.25 uM for cases 3-5. The values
are within similar ranges for total FAK or signaling protein initial FAK concentration (27,28,77-79).

_DROCK,' X e, X VvROCK,

ey
= N x (K,, x RhoA x ROCK;)

and )
_DmDiai X e, X VVMDla[

. (22)
= N X (K,, X RhoA x mDia;),

where K, is the activation rate of ROCK by RhoA and K,,,, refers to the
activation rate of mDia by RhoA. It is worth noting that a conversion fac-
tor, N, was used for the boundary conditions described in Eqs. 18, 19, 20,
21, and 22. This N term was used to convert from volume units to mem-
brane units, and it embodies the length scale difference between mem-
brane and cell compartments (N = volume of cell/surface area of cell)
as described in (28,67). In the Virtual Cell environment, this conversion
is handled internally.

At the plasma membrane-cytoplasm boundary for all other
variables

For all the components outside of the cases mentioned above, a no-flux
boundary condition is valid at the plasma membrane.

Cytoplasm-nucleus boundary for YAP/TAZ,

For all the components, a no-flux boundary condition is valid at the cyto-
plasm-nucleus boundary, except for YAP/TAZ, which can move into the nu-
cleus (see Eq. 23). Note that the computational analysis focuses on the YAP/
TAZ input, and thus, the model does not include an export term.

Boundary condition at the nuclear membrane

OYAPTAZ,

5 = — KeyYAPTAZ,, (23)

NM

with NM the nuclear membrane.
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Initial conditions and diffusion coefficients

The diffusion coefficients are as shown in Table 1. Note that the active and
inactive forms have the same diffusion coefficients except otherwise
mentioned. We assume that FAK diffuses in the cytosol, but not on the
plasma membrane. The values for the diffusion coefficients were obtained
from the Stokes-Einstein equation (69) (details in Supporting materials and
methods), and we assigned the same calculated value of the diffusion coef-
ficient to the inactive and active forms for all species that we considered un-
bound to the plasma membrane when activated. For RhoA, which we
considered bound to the membrane in cases 3-5, and based on Marée
et al. (2), we modeled diffusion such that the cytosolic inactive RhoA
diffused 500 times faster than its active membrane-bound counterpart
(active RhoA). This difference between membrane-bound and cytosolic dif-
fusivities is based on the observations of Ueda et al. (70) on G-protein ki-
netic in chemotactic signaling and the estimations of Postma et al. (71), who
showed that membrane-bound proteins were able to diffuse much faster in
the cytosol than when bound to the plasma membrane. In addition, by using
expectation maximization on in vivo membrane-bound Rho GTPase data
from single-molecule tracking photoactivated microscopy, Koo et al. (72)
identified various Rho GTPases diffusion coefficients ranging from
0.0007 um? s~ ' to around 0.7 um? s, which supports the value used in
this study (0.06 um? s~'). The discrepancy between membrane-bound
and cytosolic diffusivities could be explained by several factors inherent
to the plasma membrane dynamics, including diffusion attenuation struc-
tures such as the cytoskeleton meshwork, the existence of lipid microdo-
mains and rafts, and protein-protein interactions (73-75). Note should be
taken that because F-actin is a filamentous protein, it was assigned a very
low diffusion coefficient of 0.001 um? s~'. The diffusion coefficient of
YAP/TAZ was determined from the average of the molecular weight of
YAP and TAZ.

The initial concentrations are as shown in Table 2, with all species in the
YAP/TAZ signaling pathway initially inactive, except for FAK. The FAK
input is such that the initial number of active and inactive FAK molecules
are kept constant across all experiments. This initial amount of active FAK
is set to match the amount of active FAK in (28), and we fitted the YAP/TAZ
nuclear import rate to obtain a YAP/TAZ nuclear fraction (YTNF) of 80%
for case 5 of the FAK activation mode (see In silico model experiments),



similar to what is reported in literature (76) for a stiffness value classified as
“high” (23 kPa) for a similar cell volume as the standard cell in this study
(base radius 16 um). To find the best fitting import rate, we varied this
parameter while keeping all other parameter values at their standard values
as described in Tables 1 and 2.

In this study, we contrast two types of initial FAK activation. In a first
approach, we trigger the YAP/TAZ signaling dynamics by defining a prede-
termined initial amount of active (and inactive) FAK (see Table 2). In the
second approach, inactive FAK is activated at a particular activation rate
for 100 s, including the effect of substrate stiffness (see Eq. S2). As such,
initially, there is no active FAK, and the total amount of inactive FAK is
set equal to the total amount of FAK (active plus inactive) of the first
modality.

Geometry

We obtained a previously defined theoretical realistic cell shape (80) in Vir-
tual Cell, in which we implemented our in silico experiments. This geom-
etry was also used by Scott et al. (28), which will enable easier comparison.
Although this is an approximate geometry, its analytical expression is
shown to best approximate a fibroblast with a discoid base as presented
in Schneider and Haugh (81). Experiments were performed for all five cases
for spreading cells with four base cell radii of 14, 16, 18, and 20 um. The
standard cell has a base radius of 16 um.

In all instances, the cell volume was kept constant at 2925 ,um3, the dis-
tance from the nucleus to the cell membrane at the base was 4 um, and the
nuclear volume was 125 um®. The nucleus was centered with respect to the
base of the cell (Fig. S1).

Numerical implementation

In Virtual Cell, we used the fully implicit finite volume regular grid solver
with a variable time step (range 0-0.1 s) to find numerical solutions to the
partial differential equations describing the signaling cascade. This solver
uses the finite volume method to represent partial differential equations
as algebraic discretization equations, which exactly preserves conservation
laws and employs a Sundials stiff solver CVODE for time stepping (method
of lines). The values are calculated at discrete places on a meshed geometry.
We used a 3D grid with 80 x 33 x 25 elements (1 element = 0.58 x 0.69 x
0.67 um) with absolute tolerance 10~° and relative tolerance of 10~". A Vir-
tual Cell mesh is a set of discrete elements (here 3D) defining the spatial
domain on which the mathematical operations of spatial solvers occur. Vir-
tual Cell meshes are regular grids created by dividing space (geometry size)
in each dimension for forming a lattice of cells (mesh size). We performed a
mesh convergence analysis and selected this mesh size as a good tradeoff
between simulation time and accuracy (results not shown). We used the
high-performance computing infrastructure of the Center for Cell Analysis
and Modeling of the University of Connecticut Health campus at Farming-
ton, CT, to remotely run our simulations in Virtual Cell. All the simulation
code is available in the Virtual Cell repository; see Supporting materials and
methods for details.

RESULTS

Membrane localization of FAK is important for
YAP/TAZ nuclear translocation

Using the computational model developed above, we explored
how different FAK and RhoA activation scenarios, as well as
cell shape and spreading, influence YAP/TAZ nuclear translo-
cation. Experimental and computational evidence has demon-
strated that YAP/TAZ nuclear translocation is influenced by
cell shape (1-7,27); here, we asked how nuclear translocation

Modeling YAP/TAZ nuclear translocation

is transiently influenced by the activation mode, i.e., cytosolic
(cases 1 and 2) versus membrane-bound activation (cases
3-5).

Fig. 3 shows an overview of the spatiotemporal dynamics
of FAK, RhoA, and YAP/TAZ for the different activation
modes, in which the total initial amount of FAK is kept con-
stant for comparison. Downstream of FAK, RhoA gets acti-
vated, which in turn activates downstream signaling
components, resulting ultimately in YAP/TAZ nuclear trans-
location (see also Fig. 1). Interestingly, for cases 1 and 2, in
which FAK is initially activated in the cytosol (case 1) or in
a region close to the membrane (case 2), there is no YAP/
TAZ nuclear translocation (0 M) in comparison to cases
3-5, in which FAK is activated on the plasma membrane, re-
sulting in 16.44 uM nuclear YAP/TAZ concentration for
case 3 and 11.23 uM for cases 4 and 5 at 100 s. Because
of differences in dimensionality of the membrane (2D)
and cytoplasm (3D), the same initial amount of FAK mole-
cules translates into a higher initial FAK concentration at the
membrane and thus higher downstream activation rates and
ultimately YAP/TAZ nuclear concentrations for cases 3-5.
Indeed, for the standard cell size and initial number of
FAK molecules, when RhoA and FAK do not colocalize at
the membrane through (un)binding, it is impossible to
trigger strong enough signals downstream to exceed the
ROCK and mDia thresholds (see Eqgs. 16 and 17). However,
higher amounts of initial active FAK do result in YAP/TAZ
nuclear translocation for cases 1 and 2 (see Fig. S6).
Another unexpected observation relates to the fact that in
cases 4 and 5, the active RhoA concentration continues to
increase over time, despite active FAK decreasing over
time, whereas in case 3 the active RhoA returns to zero
together with FAK (even though the activation and deactiva-
tion rate of RhoA is the same for all cases). Indeed, because
of the particular membrane binding and unbinding dy-
namics of RhoA in cases 4 and 5, including cytosolic inac-
tive, membrane-bound inactive, and membrane-bound
active species, the amount of inactive RhoA available for
activation at the membrane changes. Moreover, in cases 4
and 5, both RhoA and FAK are membrane bound and thus
in close proximity. As such, the active RhoA gradually rises
in cases 4 and 5, whereas the inactive RhoA is almost imme-
diately activated in case 3 (see also Fig. 5 B below). In sum-
mary, these results are in line with the known relevance of
membrane protein localization for downstream signal
amplification.

YAP/TAZ nuclear translocation increases with
cell spreading when RhoA is membrane bound

Because YAP/TAZ has been shown to be principally nuclear
in spread cells compared to confined cells where YAP/TAZ
is located in the cytoplasm (3,8), we next explored the effect
of cell spreading under the various FAK activation modes as
described earlier (cases 3-5). We focus here on cases 3-5, as
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online.

cases 1 and 2 did not show YAP/TAZ nuclear translocation
at standard settings. Fig. 4 shows that the YAP/TAZ fraction
increases with time for all activation modes, although for
case 3 the nuclear fraction starts to increase earlier and rea-
ches the steady-state concentration faster than for cases 4
and 5. For cases 4 and 5, there was also an increase in
steady-state  YAP/TAZ nucclear fraction (YTNF) with
increased cell spreading (Fig. 4). For case 3, in which
FAK is membrane bound and RhoA is cytosolic, the
YTNF reduced slightly with cell spreading (from 0.76 for
14 um to 0.73 for 20 um). Together, these results show
that when RhoA can bind to the membrane (cases 4 and
5), YAP/TAZ nuclear translocation increases with cell
spreading, whereas the reverse is observed when RhoA is
purely cytosolic (case 3).

To explain these observations from the mathematical
model, we looked at the downstream signaling components
(Fig. 5). Although the initial number of molecules of active
FAK was set constant across cell spreading states, the evolu-
tion of other active, downstream proteins varied with the acti-
vation mode (Fig. 5). For case 3, an earlier signaling response
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is observed than for cases 4 and 5, in which the peak concen-
trations of active RhoA, F-actin, and active myosin are
reached at an earlier time point in contrast to cases 4 and 5.
The earlier signaling response of case 3 resulted in smaller
peak concentrations of active RhoA but similar peak concen-
trations of F-actin and higher peak concentrations of active
myosin with respect to cases 4 and 5 (Fig. 5, B-D). Similar
to what was observed above for the YTNF, there was a slight
decrease in RhoA and F-actin peak concentration with
increased cell spreading for case 3 (Tables S2 and S3). Inter-
estingly, whereas in Fig. 4 an increase in YTNF with
increased cell spreading was observed for cases 4 and 5,
Fig. 5 shows a reduction in peak RhoA concentration with
increased cell spreading (see Supporting materials and
methods for quantification; Table S2). Similarly, F-actin
showed a decrease in concentration with increased cell
spreading for cases 4 and 5, whereas myosin showed an in-
crease in concentration with increased cell spreading (Table
S4). These results point toward a diversity of signaling con-
centrations and timing in response to cell spreading and
different activation modes.
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The above findings illustrate that when both RhoA and
FAK are membrane bound, this will lead to downstream
signal amplification and increased YAP/TAZ nuclear trans-
location with increased cell spreading. More specifically,
with increased cell spreading, for all cases the local amount
of FAK available per unit area to interact with RhoA de-
creases as the number of active FAK molecules is kept con-
stant across cell sizes and cases. As such, for case 3 in which
increased cell spreading does not change the RhoA concen-
tration, this decrease in local FAK concentration results in
less RhoA activation and a lower YAP/TAZ fraction with
increased cell spreading. However, for cases 4 and 5, this ef-
fect can be compensated by the increased surface area.
Indeed, the ability for FAK and RhoA to react after RhoA
binding to the membrane (thereby increasing its local con-
centration) is larger because of the increased surface area,
resulting in more active RhoA and downstream activation.

Diffusion coefficients of RhoA and FAK and their
binding dynamics influence YAP/TAZ nuclear
translocation

Diffusion coefficients and binding kinetics are important
factors that can affect biological signaling (82,83). Here,
we wanted to explore the effect of FAK and RhoA diffusion
coefficients on YAP/TAZ nuclear translocation for different
cell spreading and activation cases (Figs. 6 and S3).

For case 3, the YTNF decreases with increased diffusion of
membrane-bound active FAK (0.75 at 0.003192 um? s~ ' vs.
0.72 at0.3192 um? s~ for the standard cell size), whereas for
cases 4 and 5, the YTNF increases with increased diffusion of
membrane-bound active FAK. Interestingly, the influence of
the diffusion coefficient of active membrane-bound FAK be-
comes less important with increased cell spreading (Fig. 6 A).
This finding is aligned with the above explanation, in which
the increased cell spreading results in a lower local FAK con-
centration but an increased local RhoA concentration (after
membrane binding) (for cases 4 and 5). The increased diffu-
sion further increases the surface area in which RhoA and
FAK can react, although increased cell spreading counteracts
this effect due to the increased diffusion distances. The diffu-

sion coefficients of the inactive forms of FAK have no effect
on the YAP/TAZ nuclear response.

For case 3, the YTNF increased with increased diffusion
coefficient of the inactive form of RhoA for all cell
spreading states up to a saturation level (Fig. 6 C), whereas
the YTNF was not influenced by the diffusion coefficient of
active cytosolic RhoA (Fig. 6 D). For cases 4 and 5, the
diffusion coefficient of the inactive cytosolic form of
RhoA did not influence the YAP/TAZ fraction (Fig. 6 C),
whereas the YAP/TAZ fraction slightly increased with
increased diffusion coefficient of the inactive membrane-
bound form of RhoA, although this effect was reduced
with increased cell spreading (Fig. S3). Interestingly, the
YAP/TAZ fraction decreased with increased diffusion coef-
ficient of the active membrane-bound form of RhoA,
although this effect was also reduced with increased cell
spreading (Fig. 6 D). These results are again aligned with
the above explanations that cell spreading results in an
increased surface area for RhoA binding and RhoA
activation.

Increasing or decreasing the binding rate of inactive cyto-
solic FAK in case 5 did not affect the YTNF (Fig. S3).
Contrarily, an increase in the binding rate of inactive
RhoA resulted in an increase in YTNF, whereas the opposite
occurred for the unbinding rate of membrane-bound RhoA
in cases 4 and 5 (Fig. 6, E and F). Also here, the influence
of the binding rates reduced with increased cell spreading.

Together, these results show that the diffusion coefficients
and binding dynamics of RhoA are more important for YAP/
TAZ nuclear translocation than those of FAK under these
model settings and that cell spreading has a dampening effect.

FAK unbinding and binding rates influence YAP/
TAZ nuclear translocation under sustained
activation

In the above simulations, no differences were observed be-
tween cases 4 and 5 because the simulations were initialized
with a particular amount of active FAK, bypassing the (un)
binding process that distinguishes these two cases (see
Fig. 2). To explore the influence of FAK (un)binding, we
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FIGURE 5 Evolution of active forms of FAK, RhoA, F-actin, and myosin with cell spreading. (A) The temporal evolution of the number of molecules
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modified the initial condition so that membrane-bound inac-
tive FAK is activated at an activation rate Ky for 100 s (see
Eq. S2). Note that because of the influence of cell spreading
and FAK (un)binding, this results in different amounts of
active FAK and consequently downstream signaling (Figs.
7, S4, and S5). With these settings, all YAP/TAZ translo-
cates to the nucleus for case 4, whereas for case 5, the
amount of YAP/TAZ translocation varies between 0.12
and 0.54, pointing toward a high sensitivity with respect
to degree of cell spreading (Fig. 7 A). The sustained activa-
tion signal (compare with and without Kin Fig. 7) also re-
sults in sustained downstream signaling. It is interesting to
note that the signaling starts earlier for case 4 because all
the inactive FAK is already at the membrane (and can imme-
diately get activated), whereas for case 5 the inactive cyto-
solic FAK first needs to bind to the membrane.

As expected, the steady-state YTNF increases with
increasing FAK binding rate (Fig. 8 A) and decreases with
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increased FAK unbinding rate, although this effect is
(partially) countered with increased cell spreading (Fig. 8
B). Similar observations can be made for RhoA (Fig. 8, C
and D), although case 4 is less sensitive to the RhoA (un)
binding rates than case 5. Indeed, in case 4 RhoA is acti-
vated earlier (see Fig. 7 B) because the inactive FAK is
initially membrane bound, whereas in case 5, the inactive
FAK first needs to bind to the membrane, get activated,
and then, in turn, activate RhoA, resulting in a higher sensi-
tivity to the RhoA (un)binding rates.

DISCUSSION

Several nonintegral membrane proteins need to bind to the
membrane to perform their biological function (17), and it
has been shown theoretically (1,20,22,23) and experimentally
(21-23) that cell signaling can be enhanced when these pro-
teins interact with the plasma membrane. Particularly, the
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formation of membrane receptor clusters and rafts by mem-
brane-bound molecules helps concentrate the signal to spe-
cific areas of the cell membrane and amplify signals from
the membrane (19-24). In this in silico study, we have shown
that similar mechanisms are at play for the YAP/TAZ
signaling pathway. More specifically, our results indicated
that YAP/TAZ only translocated to the nucleus when the input
signal FAK is membrane bound (cases 3-5). When FAK is
activated in the cytoplasm, independent of whether RhoA is
membrane bound or cytoplasmic, there was no YAP/TAZ nu-
clear translocation. Using a rigorous sensitivity analysis, we

RhoA unbinding rate (s)

RhoA unbinding rate (s!)

FIGURE 6 Influence of the diffusion coefficients of FAK and RhoA and binding rates of FAK and RhoA on the YTNF. All values presented here are
steady-state values. The panels show the YTNF as a function of the diffusion coefficients of (A) membrane-bound inactive FAK, (B) membrane-bound active
FAK, (C) inactive cytosolic RhoA, and (D) membrane-bound active RhoA and the binding (E) and unbinding (F) rates of RhoA, respectively. The middle
values represent the standard settings except for FAK (diffusion coefficient is O at standard settings).

found that the membrane diffusion of the active forms of
FAK and RhoA and their membrane binding dynamics were
important regulators of YAP/TAZ nuclear translocation.
Moreover, building on the work of others (27,28), we have
confirmed that similar to 2D (3,9,27,84), YAP/TAZ nuclear
translocation increases with cell spreading in three dimen-
sions under particular conditions (28,76,85,86).

To study the role of membrane signal amplification in
YAP/TAZ signaling, we developed a computational model
for five types of FAK activation by distinguishing mem-
brane-unbound (cases 1 and 2) and membrane-bound (cases
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FIGURE 7 Influence of cell spreading and activation mode on YAP/TAZ nuclear translocation RhoA, F-actin, and myosin evolution for sustained FAK
activation (for 100 s via an activation rate Ky). The graphs of sustained FAK activation are compared to those without sustained FAK activation. (A) Temporal
evolution of the YTNF. The temporal evolution of the concentrations of (B) active RhoA, (C) F-actin, and (D) myosin is given, measured at a point. The
graphs of cases 4 and 5 without sustained FAK activation overlap. The sampled point is located in the membrane in the middle of the cell base for
RhoA cases 4 and 5, and the point is cytoplasmic. Myosin and F-actin are sampled in the cytoplasm close to middle of the cell base in all cases. The co-

ordinate values of the sampling points are supplied in Table S1.

3-5) FAK activation. We observed that membrane localiza-
tion of FAK contributes to a robust YAP/TAZ signal
downstream. These results indicate that the membrane
recruitment of FAK and anchoring to the membrane is
important for YAP/TAZ signal amplification, similar to
other signaling pathways (19,21,23-25). To explain the
signal amplification through membrane localization, one
needs to compare the dimensionality of the membrane
(2D) with the one of the cytoplasm (3D). The reduced
dimensionality of the membrane implies that the same num-
ber of active FAK molecules at the membrane (cases 3-5;
Eq. 5) would translate into a higher initial active FAK con-
centration at the membrane compared to the cytosolic cases
(cases 1 and 2; Eq. 5). Similarly, Schmick et al. (87) demon-
strated that by considering the cytosol as a sphere and the
plasma membrane as a shell around the cytosol, the concen-
tration of a signaling effector initially diffusing in the
cytosol would increase by ~1000-fold if recruited and
confined to diffusion on the membrane. Moreover, this
type of increase in signaling molecule concentration at the
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membrane trumps the effects of reduced diffusion at the
membrane (87). Interestingly, membrane localization of
only RhoA (case 2) does not lead to a YAP/TAZ response.
Indeed, for our cell size and initial number of FAK mole-
cules, when RhoA and FAK do not colocalize at the mem-
brane through (un)binding, it is impossible to trigger
strong enough signals downstream to exceed the ROCK
and mDia thresholds. Furthermore, we see an early attain-
ment of peak YAP/TAZ concentration in case 3 compared
to cases 4 and 5, which is consistent with the notion that
cell signaling efficiency is dependent on the spatiotemporal
organization of the signaling components (25,75,88). There-
fore, not only membrane recruitment but also the particular
signaling entity (in the specific pathway) being recruited are
important.

Our in silico results underscore the need for taking into
consideration membrane binding and unbinding dynamics
of FAK and RhoA for YAP/TAZ signaling. It has been
pointed out that the biological activity of several noninte-
gral membrane proteins is dependent on their membrane
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anchoring and thus their membrane binding and unbinding
dynamics (17,18). However, despite the pivotal role played
by membrane interactions in the activity of these proteins,
it has been very difficult to quantify their membrane bind-
ing and unbinding rates experimentally (17). We have
shown theoretically that YAP/TAZ nuclear translocation
can be modulated by the membrane binding kinetics of
RhoA and FAK. We observed an increase in the YTNF
for higher inactive cytosolic RhoA binding rates. Indeed,
the higher the binding rate, the more transfer of RhoA mol-
ecules to the membrane and the higher the chances of inter-
action with active FAK within the same membrane
compartment. To investigate the effect of FAK binding
and unbinding dynamics, we introduced a FAK activation
rate instead of a fixed amount of initial active FAK. Inter-
estingly, a high inactive cytosolic FAK binding rate
increased the amount of inactive membrane-bound FAK
available for activation at the membrane, thus leading to
increased downstream activation and resulting in higher
YTNE

Our results agree with observations reported in literature
(28,76,85,86) that the YTNF increases with cell spreading
when RhoA is membrane bound. For example, in their
study on the control focal adhesion by YAP signaling, Nar-
done et al. (89) showed that the YAP/TAZ nuclear signal
increased with cell spreading, consistent with our results
for cases 4 and 5. In their modeling work on the role of
substrate stiffness, substrate dimensionality, and cell shape
on YAP/TAZ signaling, Scott et al. (28) were able to pre-
dict that for a constant cell volume, YAP/TAZ would in-
crease with substrate activation area in three dimensions
(referred to as 2.XD) at medium (5.7 kPa) and high (7
GPa) stiffnesses. Their 2.XD corresponds to a 3D cell in
which activation of FAK (and RhoA) is restricted to the
base, similar to our simulation setup. Interestingly,
although their approach is congruent with the need for
RhoA to be membrane bound to obtain an increase in
YAP/TAZ output with cell spreading (cases 4 and 5), their
spatial model results do predict YAP/TAZ nuclear translo-
cation when FAK is cytosolic and activated in the cytosol
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(28), in contrast to our results, in which a predetermined
amount of active FAK did not result in YAP/TAZ translo-
cation for cases 1 and 2. Similarly, in their 1D exploration,
Sun et al. (27) were able to show that YAP/TAZ nuclear
translocation does occur in a 1D paradigm and varies
with substrate stiffness. Here, to study the influence of
membrane localization on YAP/TAZ nuclear translocation,
we triggered the YAP/TAZ signaling dynamics by defining
a predetermined amount of active FAK, which was kept
constant across all cases. This predetermined amount did
not result in YAP/TAZ translocation for cases 1 and 2,
although we show that higher amounts of initial active
FAK do result in YAP/TAZ nuclear translocation for cases
1 and 2, similar to previous nonspatial (27) and spatial (28)
models (see Fig. S6). More specifically, for their 2.XD
setup with similar activation areas, Scott et al. (28) ob-
tained a lower YTNF (i.e., 0.29) compared to the ones ob-
tained in this study for membrane-bound cases (i.e., 0.8).
This difference in YTNF may be explained by the fact
the Scott et al. (28) models YAP/TAZ nuclear export,
whereas we set this to zero. Moreover, Scott et al. (28)
include a continuous FAK activation, whereas this work
starts from a fixed amount of initial active FAK, which
may explain the need for higher amounts of initial active
FAK for cases 1 and 2 in this modeling framework. In sum-
mary, we highlight that FAK membrane binding is not
essential to achieve YAP/TAZ nuclear translocation in
our modeling framework but results in a higher and more
robust YAP/TAZ response.

The modeling work of Sun et al. (27) and Scott et al. (28)
has also described and studied FAK activation as a function
of substrate stiffness. As this was not the main goal of this
work, we only performed a small auxiliary experiment
(see Fig. S7), in which we alter the stiffness for sustained
FAK activation for case 5 on a standard cell of radius 16
um. The results show that stiffness sensing occurs in our
model for 0-50 kPa. For similar FAK activation areas
(402 um? vs. 415 um? in (28)), our stiffness sensing range
(0-50 kPa) is lower than the one of Scott et al. (28) (0-
100 kPa) and higher than in the 1D model of Sun et al.
(27) (0-20 kPa). The differences in stiffness sensing ranges
may arise from the fact that Scott et al. (28) also define a
cytosolic stiffness, which is linked to the F-actin concentra-
tion, and relate it to the nuclear mechanics (lamin A
activation).

Importantly, similar to our computational predictions,
experimental literature as shown that the membrane localiza-
tion of FAK or RhoA influences downstream YAP/TAZ
signaling. For example, small molecules such as dasatinib,
pazopanib, and lovastatin, which inhibit Rho GTPase preny-
lation and thereby prevent membrane localization, were
found to reduce the nuclear localization of YAP (54,55,90).
Oku et al. (55) have shown that 300 nM of dasatinib reduced
the percentage of cells expressing nuclear YAP/TAZ from
~80 to 5%. This corresponds to our predictions for case 1,
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in which there is no YAP/TAZ nuclear translocation. Interest-
ingly, for case 3, in which RhoA is also cytoplasmic but FAK
is membrane bound, the computational model does predict
YAP/TAZ nuclear translocation. This difference may indi-
cate that in the in vitro experiments mechanisms other than
spatial location play a role in inhibiting YAP/TAZ transloca-
tion. In particular, by preventing membrane localization, the
small molecules also reduce Rho GTPase activation, an ef-
fect we did not include in the model because we focused on
the influence of localization only. Alternative splicing of
FAK was shown to result in reduced focal adhesion forma-
tion, increased cytoplasmic localization of FAK, and reduced
nuclear YAP (56,57), corresponding to the computational
predictions in which the YAP/TAZ nuclear translocation is
absent for cases 1 and 2 for the standard FAK activation
scheme.

Next to membrane binding and unbinding dynamics,
diffusion also plays an important role in cell signaling
(1,2,25,91,92). Although this presents an avenue for exper-
imental investigation, we note that the diffusion of active
forms of FAK and RhoA could potentially modulate the
YAP/TAZ nuclear output. We observed that an increase in
the diffusion rate of active membrane-bound FAK resulted
in an increase in the YTNF in cases 4 and 5 and a decrease
in the YTNF in case 3. Interestingly, the increase in YTNF
in cases 4 and 5 was attenuated with increased cell
spreading. These results can be explained as follows: an in-
crease in the diffusion coefficient of active FAK increases
the speed of encounter of active FAK with inactive mem-
brane-bound RhoA within the membrane, thus leading to
more RhoA molecules being activated in cases 4 and 5.
However, with increased cell spreading leading to larger dis-
tances to be traveled by diffusion, this effect is reduced. For
case 3, an increasing diffusion coefficient of active FAK re-
duces the (high) local FAK concentrations at the base of the
cell, resulting in less RhoA activation (in the cytosolic area
near the base of the cell). Similar to our findings of case 5,
Scott et al. (28), who model cytosolic inactive FAK and acti-
vation of FAK at the plasma membrane, report an increase in
YAP/TAZ fraction with increased diffusion coefficients.
They also report that this effect is reduced for larger activa-
tion areas (e.g., with increased spreading), in agreement
with our findings.

The results of this study, which summarize the role of
membrane localization and binding and unbinding dy-
namics, diffusion, and cell spreading on YAP/TAZ nuclear
localization, should be interpreted in the light of the
following assumptions and limitations. Firstly, we do not ac-
count for the discrete nature of focal adhesions at the mem-
brane, but rather assume that focal adhesion molecule
activation and exchange happens in a continuous region in
contact with the substrate. Furthermore, we assume that
the signaling cascade is solely dependent on initial FAK
activation, ignoring any signaling cross talk. Secondly,
considering the short timescales that we model, we assume



a constant amount of protein, thus ignoring potential pro-
duction and degradation processes. Thirdly, we model a
fixed nuclear volume and shape and a fixed distance of the
nucleus from the center of the base of the cell, all of which
are able to undergo dynamic changes with cell spreading.
Finally, the current values of membrane exchange rates,
especially for FAK, are estimated within ranges of scarcely
available data. Experimental work needs to be done to
obtain more accurate rate values within various cell
spreading and environmental stiffness contexts, by using ap-
proaches such a fluorescence recovery after photobleaching.

In summary, in this study we investigated the effect of
FAK and RhoA membrane binding on YAP/TAZ signaling.
We showed that FAK membrane binding can modulate and
amplify the YAP/TAZ nuclear response. Moreover, we pre-
dicted an increase of YTNF with increased cell spreading,
but only when FAK and RhoA are membrane bound. Future
work should focus on the experimental verification of our
predictions, namely on monitoring membrane interaction
of FAK and RhoA and their effect on YAP/TAZ nuclear
signal enhancement in relation to cell shape and dimension-
ality. By investigating the influence of membrane activation
on downstream signaling, a motif common to many signaling
pathways, this study contributed to an improved understand-
ing of the design principles of signaling networks.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2021.09.009.

AUTHOR CONTRIBUTIONS

K.S.E. designed and performed research, analyzed data, and wrote manu-
script. R.C. designed and supervised research and gave feedback on manu-
script. K.S. designed and supervised research and gave feedback on
manuscript. J.d.B. supervised research and gave feedback on manuscript.
A.C. designed and supervised research, gave feedback on manuscript, edi-
ted manuscript, and acquired financial support.

ACKNOWLEDGMENTS

We also appreciate the scientific discussions with Steven Vermeulen and
Vanessa LaPointe. We thank Sangita Swapnasrita for independently con-
firming our simulation results.

We kindly acknowledge the Dutch province of Limburg in the LINK
(FCL67723) (“Limburg Investeert in haar Kenniseconomie”) knowledge
economy project and a VENI grant (number 15075) from the Dutch Science
Foundation. We thank the Virtual Cell team for their support on the compu-
tational side. The Virtual Cell is supported by National Institutes of Health
Grant R24 GM137787 from the National Institute for General Medical
Sciences.

REFERENCES

1. Kholodenko, B. N., and W. Kolch. 2008. Giving space to cell signaling.
Cell. 133:566-567.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Randles, M. J., F. Lausecker, ..

Modeling YAP/TAZ nuclear translocation

. Marée, A. F. M., V. A. Grieneisen, and L. Edelstein-Keshet. 2012. How

cells integrate complex stimuli: the effect of feedback from phosphoi-
nositides and cell shape on cell polarization and motility. PLoS Com-
put. Biol. 8:¢1002402.

. Halder, G., S. Dupont, and S. Piccolo. 2012. Transduction of mechan-

ical and cytoskeletal cues by YAP and TAZ. Nat. Rev. Mol. Cell Biol.
13:591-600.

., R. Lennon. 2020. Basement mem-
brane ligands initiate distinct signalling networks to direct cell shape.
Matrix Biol. 90:61-78.

. Feng, S., L. Zhou, ..., M. Long. 2018. Mechanochemical modeling of

neutrophil migration based on four signaling layers, integrin dynamics,
and substrate stiffness. Biomech. Model. Mechanobiol. 17:1611-1630.

. Haftbaradaran Esfahani, P., and R. Knoll. 2020. Cell shape: effects on

gene expression and signaling. Biophys. Rev. 12:895-901.

. Sero, J. E., and C. Bakal. 2017. Multiparametric analysis of cell shape

demonstrates that B-PIX directly couples YAP activation to extracel-
Iular matrix adhesion. Cell Syst. 4:84-96.¢6.

. Dupont, S., L. Morsut, ..., S. Piccolo. 2011. Role of YAP/TAZ in me-

chanotransduction. Nature. 474:179-183.

. Piccolo, S., S. Dupont, and M. Cordenonsi. 2014. The biology of YAP/

TAZ: hippo signaling and beyond. Physiol. Rev. 94:1287-1312.

Zanconato, F., M. Cordenonsi, and S. Piccolo. 2016. YAP/TAZ at the
roots of cancer. Cancer Cell. 29:783-803.

Totaro, A., T. Panciera, and S. Piccolo. 2018. YAP/TAZ upstream sig-
nals and downstream responses. Nat. Cell Biol. 20:888-899.

Hong, L., Y. Li, ..., D. Zhou. 2019. The Hippo signaling pathway in
regenerative  medicine. /n  Methods in Molecular Biology.
A. Hergovich, ed. Humana Press Inc., pp. 353-370.

Zhang, S., and D. Zhou. 2019. Role of the transcriptional coactivators
YAP/TAZ in liver cancer. Curr. Opin. Cell Biol. 61:64-71.

Dobrokhotov, O., M. Samsonoyv, ..., H. Hirata. 2018. Mechanoregula-
tion and pathology of YAP/TAZ via Hippo and non-Hippo mecha-
nisms. Clin. Transl. Med. 7:23.

Wolfenson, H., A. Lubelski, ..., B. Geiger. 2009. A role for the juxta-
membrane cytoplasm in the molecular dynamics of focal adhesions.
PLoS One. 4:e4304.

Wolfenson, H., I. Lavelin, and B. Geiger. 2013. Dynamic regulation of
the structure and functions of integrin adhesions. Dev. Cell. 24:447—
458.

Berkovich, R., H. Wolfenson, ..., M. Urbakh. 2011. Accurate quantifi-
cation of diffusion and binding kinetics of non-integral membrane pro-
teins by FRAP. Traffic. 12:1648-1657.

Legerstee, K., B. Geverts, ..., A. B. Houtsmuller. 2019. Dynamics and
distribution of paxillin, vinculin, zyxin and VASP depend on focal
adhesion location and orientation. Sci. Rep. 9:10460.

Kholodenko, B. N., J. B. Hoek, and H. V. Westerhoff. 2000. Why cyto-
plasmic signalling proteins should be recruited to cell membranes.
Trends Cell Biol. 10:173-178.

Groves, J. T., and J. Kuriyan. 2010. Molecular mechanisms in signal
transduction at the membrane. Nat. Struct. Mol. Biol. 17:659-665.

Lamson, R. E., S. Takahashi, ..., P. M. Pryciak. 2006. Dual role for
membrane localization in yeast MAP kinase cascade activation and
its contribution to signaling fidelity. Curr. Biol. 16:618—623.

Tian, T., A. Harding, ..., J. F. Hancock. 2007. Plasma membrane nano-

switches generate high-fidelity Ras signal transduction. Nat. Cell Biol.
9:905-914.

Radhakrishnan, K., A. Halész, ..., B. S. Wilson. 2012. Mathematical
simulation of membrane protein clustering for efficient signal transduc-
tion. Ann. Biomed. Eng. 40:2307-2318.

Pincet, F. 2007. Membrane recruitment of scaffold proteins drives spe-
cific signaling. PLoS One. 2:€977.

Kholodenko, B. N. 2006. Cell-signalling dynamics in time and space.
Nat. Rev. Mol. Cell Biol. 7:165-176.

Biophysical Journal 120, 4360—4377, October 19, 2021 4375


https://doi.org/10.1016/j.bpj.2021.09.009
https://doi.org/10.1016/j.bpj.2021.09.009
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref1
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref1
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref2
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref2
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref2
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref2
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref2
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref3
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref3
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref3
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref4
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref4
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref4
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref5
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref5
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref5
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref6
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref6
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref7
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref7
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref7
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref8
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref8
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref9
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref9
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref10
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref10
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref11
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref11
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref12
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref12
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref12
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref13
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref13
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref14
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref14
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref14
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref15
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref15
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref15
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref16
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref16
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref16
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref17
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref17
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref17
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref18
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref18
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref18
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref19
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref19
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref19
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref20
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref20
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref21
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref21
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref21
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref22
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref22
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref22
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref23
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref23
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref23
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref24
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref24
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref25
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref25

Eroumé et al.

26. Soh, S., M. Byrska, ..., B. A. Grzybowski. 2010. Reaction-diffusion
systems in intracellular molecular transport and control. Angew.
Chem. Int.Engl. 49:4170-4198.

27. Sun, M., F. Spill, and M. H. Zaman. 2016. A computational model of
YAP/TAZ mechanosensing. Biophys. J. 110:2540-2550.

28. Scott, K. E., S. I. Fraley, and P. Rangamani. 2021. A spatial model of
YAP/TAZ signaling reveals how stiffness, dimensionality, and shape

contribute to emergent outcomes. Proc. Natl. Acad. Sci. USA.
118:€2021571118.

29. Loew, L. M., and J. C. Schaff. 2001. The Virtual Cell: a software envi-
ronment for computational cell biology. Trends Biotechnol. 19:401-
406.

30. Slepchenko, B. M., and L. M. Loew. 2010. Use of virtual cell in studies
of cellular dynamics. Int. Rev. Cell Mol. Biol. 283:1-56.

31. Yeh, Y. C, J. Y. Ling, ..., M. J. Tang. 2017. Mechanotransduction of
matrix stiffness in regulation of focal adhesion size and number: recip-
rocal regulation of caveolin-1 and B1 integrin. Sci. Rep. 7:15008.

32. Mitra, S. K., D. A. Hanson, and D. D. Schlaepfer. 2005. Focal adhesion
kinase: in command and control of cell motility. Nat. Rev. Mol. Cell
Biol. 6:56-68.

33. Huveneers, S., and E. H. J. Danen. 2009. Adhesion signaling - crosstalk
between integrins, Src and Rho. J. Cell Sci. 122:1059-1069.

34. Watanabe, N., K. Tohyama, and S. Yamashiro. 2018. Mechanostress
resistance involving formin homology proteins: G- and F-actin homeo-
stasis-driven filament nucleation and helical polymerization-mediated

actin polymer stabilization. Biochem. Biophys. Res. Commun.
506:323-329.

35. Prunier, C., R. Prudent, ..., L. Lafanechére. 2017. LIM kinases: cofilin
and beyond. Oncotarget. 8:41749-41763.

36. Wang, Y., X. R. Zheng, ..., H. K. Surks. 2009. ROCK isoform regula-
tion of myosin phosphatase and contractility in vascular smooth muscle
cells. Circ. Res. 104:531-540.

37. Elosegui-Artola, A., I. Andreu, ..., P. Roca-Cusachs. 2017. Force trig-
gers YAP nuclear entry by regulating transport across nuclear pores.
Cell. 171:1397-1410.e14.

38. van Unen, J., N. R. Reinhard, ..., J. Goedhart. 2015. Plasma membrane
restricted RhoGEF activity is sufficient for RhoA-mediated actin poly-
merization. Sci. Rep. 5:14693.

39. Stephenson, R. E., and A. L. Miller. 2017. Tools for live imaging of
active Rho GTPases in Xenopus. Genesis. 55:¢22998.

40. Golding, A. E., . Visco, ..., W. M. Bement. 2019. Extraction of active
RhoGTPases by RhoGDI regulates spatiotemporal patterning of
RhoGTPases. eLife. 8:e50471.

41. Kilian, L. S., J. Voran, ..., A. Y. Rangrez. 2021. RhoA: a dubious mole-
cule in cardiac pathophysiology. J. Biomed. Sci. 28:33.

42. Michaelson, D., J. Silletti, ..., M. R. Philips. 2001. Differential locali-
zation of Rho GTPases in live cells: regulation by hypervariable re-
gions and RhoGDI binding. J. Cell Biol. 152:111-126.

43. Afshordel, S., W. G. Wood, ..., G. P. Eckert. 2014. Impaired geranyl-
geranyltransferase-I regulation reduces membrane-associated Rho pro-
tein levels in aged mouse brain. J. Neurochem. 129:732-742.

44. Hynds, D. L. 2015. Subcellular localization of Rho GTPases: implica-
tions for axon regeneration. Neural Regen. Res. 10:1032-1033.

45. Reddy, J. M., F. G. Samuel, ..., D. L. Hynds. 2015. Non-prenylatable,
cytosolic Racl alters neurite outgrowth while retaining the ability to be
activated. Cell. Signal. 27:630-637.

46. Lietha, D. 2016. Forcing FAK into transcriptional activity. Structure.
24:1223-1225.

47. Lachowski, D., E. Cortes, ..., A. E. Del Rio Hernandez. 2018. FAK
controls the mechanical activation of YAP, a transcriptional regulator
required for durotaxis. FASEB J. 32:1099-1107.

48. Deramaudt, T. B., D. Dujardin, ..., P. Rondé. 2014. Altering FAK-pax-
illin interactions reduces adhesion, migration and invasion processes.
PLoS One. 9:¢92059.

4376 Biophysical Journal 120, 4360—4377, October 19, 2021

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Fang, X., X. Liu, ..., Q. Fan. 2014. New insights into FAK phosphor-
ylation based on a FAT domain-defective mutation. PLoS One.
9:e107134.

Zhou, J., Q. Yi, and L. Tang. 2019. The roles of nuclear focal adhesion
kinase (FAK) on Cancer: a focused review. J. Exp. Clin. Cancer Res.
38:250.

Kleinschmidt, E. G., and D. D. Schlaepfer. 2017. Focal adhesion kinase
signaling in unexpected places. Curr. Opin. Cell Biol. 45:24-30.
Assar, E. A., and D. A. Tumbarello. 2020. Loss of the essential auto-
phagy regulators FIP200 or Atg5 leads to distinct effects on focal adhe-
sion composition and organization. Front. Cell Dev. Biol. 8:733.

Valon, L., A. Marin-Llaurado, ..., X. Trepat. 2017. Optogenetic control
of cellular forces and mechanotransduction. Nat. Commun. 8:14396.

Kranenburg, O., M. Poland, ..., W. H. Moolenaar. 1997. Dissociation
of LPA-induced cytoskeletal contraction from stress fiber formation
by differential localization of RhoA. J. Cell Sci. 110:2417-2427.

Oku, Y., N. Nishiya, ..., Y. Uehara. 2015. Small molecules inhibiting
the nuclear localization of YAP/TAZ for chemotherapeutics and che-
mosensitizers against breast cancers. FEBS Open Bio. 5:542-549.

Li, S., and Z. C. Hua. 2008. FAK expression regulation and therapeutic
potential. Adv. Cancer Res. 101:45-61.

Kim, N. G., and B. M. Gumbiner. 2015. Adhesion to fibronectin regu-
lates Hippo signaling via the FAK-Src-PI3K pathway. J. Cell Biol.
210:503-515.

Sako, Y., K. Hibino, ..., T. Yanagida. 2000. Single-molecule imaging
of signaling molecules in living cells. Single Mol. 1:159-163.

Kumar, S., A. Das, and S. Sen. 2014. Extracellular matrix density pro-
motes EMT by weakening cell-cell adhesions. Mol. Biosyst. 10:838—
850.

Holmes, W. R., B. Lin, ..., L. Edelstein-Keshet. 2012. Modelling cell
polarization driven by synthetic spatially graded Rac activation.
PLoS Comput. Biol. 8:¢1002366.

Jilkine, A., A. F. M. Marée, and L. Edelstein-Keshet. 2007. Mathemat-
ical model for spatial segregation of the Rho-family GTPases based on
inhibitory crosstalk. Bull. Math. Biol. 69:1943-1978.

Cirit, M., M. Krajcovic, ..., J. M. Haugh. 2010. Stochastic model of in-
tegrin-mediated signaling and adhesion dynamics at the leading edges
of migrating cells. PLoS Comput. Biol. 6:¢1000688.

Handorf, A. M., Y. Zhou, ..., W. J. Li. 2015. Tissue stiffness dictates
development, homeostasis, and disease progression. Organogenesis.
11:1-15.

Erpenbeck, L., A. L. Gruhn, ..., S. Kruss. 2019. Effect of adhesion and
substrate elasticity on neutrophil extracellular trap formation. Front.
Immunol. 10:2320.

Tania, N., E. Prosk, ..., L. Edelstein-Keshet. 2011. A temporal model
of cofilin regulation and the early peak of actin barbed ends in invasive
tumor cells. Biophys. J. 100:1883-1892.

Pollard, T. D. 1986. Rate constants for the reactions of ATP- and ADP-
actin with the ends of actin filaments. J. Cell Biol. 103:2747-2754.

Spill, F., V. Andasari, ..., M. H. Zaman. 2016. Effects of 3D geometries
on cellular gradient sensing and polarization. Phys. Biol. 13:036008.

Edelstein-Keshet, L., W. R. Holmes, ..., M. Dutot. 2013. From simple
to detailed models for cell polarization. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 368:20130003.

Edward, J. T. 1970. Molecular volumes and the Stokes-Einstein equa-
tion. J. Chem. Educ. 47:261-270.

Ueda, M., Y. Sako, ..., T. Yanagida. 2001. Single-molecule analysis of
chemotactic signaling in Dictyostelium cells. Science. 294:864-867.

Postma, M., L. Bosgraaf, ..., P. J. M. Van Haastert. 2004. Chemotaxis:
signalling modules join hands at front and tail. EMBO Rep. 5:35-40.

Koo, P. K., M. Weitzman, ..., S. G. J. Mochrie. 2015. Extracting diffu-
sive states of Rho GTPase in live cells: towards in vivo biochemistry.
PLoS Comput. Biol. 11:¢1004297.


http://refhub.elsevier.com/S0006-3495(21)00743-8/sref26
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref26
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref26
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref27
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref27
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref28
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref28
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref28
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref28
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref29
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref29
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref29
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref30
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref30
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref31
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref31
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref31
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref32
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref32
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref32
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref33
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref33
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref34
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref34
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref34
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref34
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref34
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref35
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref35
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref36
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref36
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref36
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref37
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref37
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref37
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref38
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref38
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref38
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref39
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref39
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref40
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref40
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref40
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref41
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref41
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref42
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref42
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref42
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref43
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref43
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref43
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref44
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref44
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref45
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref45
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref45
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref46
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref46
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref47
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref47
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref47
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref48
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref48
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref48
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref48
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref49
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref49
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref49
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref50
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref50
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref50
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref51
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref51
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref52
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref52
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref52
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref53
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref53
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref54
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref54
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref54
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref55
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref55
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref55
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref56
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref56
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref57
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref57
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref57
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref58
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref58
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref59
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref59
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref59
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref60
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref60
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref60
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref61
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref61
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref61
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref61
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref62
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref62
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref62
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref63
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref63
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref63
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref64
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref64
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref64
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref65
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref65
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref65
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref66
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref66
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref67
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref67
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref68
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref68
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref68
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref69
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref69
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref70
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref70
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref71
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref71
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref72
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref72
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref72

73.

74.

75.

76.

7.

78.

79.

80.

81.

Destainville, N., F. Dumas, and L. Salomé. 2008. What do diffusion
measurements tell us about membrane compartmentalisation? Emer-
gence of the role of interprotein interactions. J. Chem. Biol. 1:37-48.

Das, S., T. Yin, ..., J. Yu. 2015. Single-molecule tracking of small
GTPase Racl uncovers spatial regulation of membrane translocation
and mechanism for polarized signaling. Proc. Natl. Acad. Sci. USA.
112:E267-E276.

Giese, W., M. Eigel, ..., E. Klipp. 2015. Influence of cell shape, inho-
mogeneities and diffusion barriers in cell polarization models. Phys.
Biol. 12:066014.

Bao, M., J. Xie, ..., W. T. S. Huck. 2019. Cellular volume and matrix
stiffness direct stem cell behavior in a 3D microniche. ACS Appl.
Mater. Interfaces. 11:1754-1759.

Milo, R. 2013. What is the total number of protein molecules per cell
volume? A call to rethink some published values. BioEssays. 35:1050—
1055.

Fujioka, A., K. Terai, ..., M. Matsuda. 2006. Dynamics of the Ras/ERK
MAPK cascade as monitored by fluorescent probes. J. Biol. Chem.
281:8917-8926.

Milo, A., P. Jorgensen, ..., U. Moran. 2010. BioNumbers—the database
of key numbers in molecular and cell biology. Nucl. Acids Res. 38
(suppl 1):D750-D753. https://doi.org/10.1093/nar/gkp889.

Ditlev, J. A., N. M. Vacanti, ..., L. M. Loew. 2009. An open model of
actin dendritic nucleation. Biophys. J. 96:3529-3542.

Schneider, I. C., and J. M. Haugh. 2005. Quantitative elucidation of a
distinct spatial gradient-sensing mechanism in fibroblasts. J. Cell Biol.
171:883-892.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Modeling YAP/TAZ nuclear translocation

Kholodenko, B. N. 2003. Four-dimensional organization of protein ki-
nase signaling cascades: the roles of diffusion, endocytosis and molec-
ular motors. J. Exp. Biol. 206:2073-2082.

Terry, A.J., and M. A. J. Chaplain. 201 1. Spatio-temporal modelling of
the NF-kB intracellular signalling pathway: the roles of diffusion,
active transport, and cell geometry. J. Theor. Biol. 290:7-26.

Caliari, S. R., S. L. Vega, ..., J. A. Burdick. 2016. Dimensionality and
spreading influence MSC YAP/TAZ signaling in hydrogel environ-
ments. Biomaterials. 103:314-323.

Bao, M., J. Xie, ..., W. T. S. Huck. 2017. 3D microniches reveal the
importance of cell size and shape. Nat. Commun. 8:1962.
Perez-Gonzalez, N. A., N. D. Rochman, ..., S. X. Sun. 2019. YAP and
TAZ regulate cell volume. J. Cell Biol. 218:3472-3488.

Schmick, M., and P. I. H. Bastiaens. 2014. The interdependence of
membrane shape and cellular signal processing. Cell. 156:1132—-1138.
Berridge, M. J. 2014. Module 6: spatial and temporal aspects of signal-
ling. Cell Signal. Biol. 6:csb0001006.

Nardone, G., J. Oliver-De La Cruz, ..., G. Forte. 2017. YAP regulates
cell mechanics by controlling focal adhesion assembly. Nat. Commun.
8:15321.

Samuel, F,, and D. L. Hynds. 2010. RHO GTPase signaling for axon
extension: is prenylation important? Mol. Neurobiol. 42:133-142.

Bolado-Carrancio, A., O. S. Rukhlenko, ..., B. N. Kholodenko. 2020.
Periodic propagating waves coordinate RhoGTPase network dynamics
at the leading and trailing edges during cell migration. eLife. 9:1-34.
Mori, Y., A. Jilkine, and L. Edelstein-Keshet. 2008. Wave-pinning and

cell polarity from a bistable reaction-diffusion system. Biophys. J.
94:3684-3697.

Biophysical Journal 120, 4360—4377, October 19, 2021 4377


http://refhub.elsevier.com/S0006-3495(21)00743-8/sref73
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref73
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref73
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref73
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref74
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref74
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref74
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref74
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref75
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref75
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref75
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref79
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref79
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref79
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref76
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref76
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref76
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref77
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref77
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref77
https://doi.org/10.1093/nar/gkp889
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref80
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref80
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref81
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref81
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref81
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref82
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref82
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref82
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref83
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref83
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref83
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref84
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref84
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref84
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref85
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref85
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref86
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref86
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref87
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref87
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref88
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref88
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref89
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref89
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref89
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref90
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref90
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref91
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref91
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref91
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref92
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref92
http://refhub.elsevier.com/S0006-3495(21)00743-8/sref92

	Exploring the influence of cytosolic and membrane FAK activation on YAP/TAZ nuclear translocation
	Introduction
	Materials and methods
	YAP/TAZ nuclear translocation model
	In silico model experiments
	Model equations
	Boundary conditions
	Boundary condition at the plasma membrane for FAK, RhoA, ROCK, and mDia
	At the plasma membrane-cytoplasm boundary for all other variables
	Cytoplasm-nucleus boundary for YAP/TAZc
	Boundary condition at the nuclear membrane

	Initial conditions and diffusion coefficients
	Geometry
	Numerical implementation

	Results
	Membrane localization of FAK is important for YAP/TAZ nuclear translocation
	YAP/TAZ nuclear translocation increases with cell spreading when RhoA is membrane bound
	Diffusion coefficients of RhoA and FAK and their binding dynamics influence YAP/TAZ nuclear translocation
	FAK unbinding and binding rates influence YAP/TAZ nuclear translocation under sustained activation

	Discussion
	Supporting material
	Author contributions
	Acknowledgments
	References


