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Figure S1. Effects of the stiffness of elastic matrix on the FA number.
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Figure S2. Cell traction and active integrin number both increase with matrix viscosity.
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Figure S3. Effects of short-term stiffness of the viscoplastic substrate on cell traction force.
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Figure S4. Lifetimes of bonds decrease with increasing Kiong/Kshort at different relaxation

times (zs = 0.1 and 1 s).
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Figure S5. The mechanical parameter, 72, represents the level of irreversible deformation of

the matrix.
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Figure S6. When the short-term stiffness is relatively small, the YAP/TAZ ratio first

increases and then decreases with increasing 7.
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Figure S7. The threshold force and creep time can regulate the degree of plasticity of the
matrix.



Supplementary Note 1 - Computational screening of mechanotherapeutics

To apply the computational model in the context of mechanomedicine, we performed
computer simulations of how integrin-FAK-myosin-YAP/TAZ pathway inhibitors can control
cellular sensing of matrix elasticity. To identify target inhibitors (e.g., targeting integrin
binding activity, myosin activation), we performed a sensitivity analysis on the entire suite of
model parameters, and then identified inhibitors that affect the biochemical reactions (Fig.
S8). The sensitivity analyses quantified how model parameters affect mechanosensitivity by

evaluating how, for each set of parameters, the YAP/TAZ N/C ratio (r) would vary with

AE?
M+E?2

matrix stiffness (£) in the Hill-type scaling law: r = + B, where the Hill coefficient M

describes the sensitivity range, B describes the response on a compliant matrix, and A4
describes the response on a stiftf matrix (Fig. S9). The parameters fell into three categories: (i)
adhesion dynamics parameters, including retrograde flow rate (V9), integrin stiffness (Kiink),
integrin density (MNink), myosin stall force (Fsuan), talin unfolding force (Funfold), adhesion
reinforcement rate (daqd), adhesion reinforcement threshold force (F¢r), integrin binding and
unbinding rates (kon’, koi’) and clutch bond characteristic rupture force (Fv); (if) cytoplasmic
signaling dynamics parameters, including auto-phosphorylation and dephosphorylation rates
of FAKY397 (krak-a, krak-ina), activation and deactivation of ROCK (krock-a, kROCK-ina), mDia
(kmDia-a, Ambia-ina), Myosin (kmyosin-a, Kmyosin-ina), and F-actin polymerization (kf-actin-a) and
depolymerization (kf-actin-ina); (7if) nucleocytoplasmic shuttling dynamics parameters including
the stiffnesses of FG and YAP (KrG, Kyar), YAP/TAZ nuclear import and export rates (kyapin,
kyapout), and the YAP unfolding force (Fyap-unfold). The Hill-type function is used to fit the
simulation results. We found that talin unfolding force, nuclear deformation coefficients and
FAK activation rates influence the Hill coefficient (K) and thus the stiffness range for
mechanosensing (Fig. S9). Integrin density, nuclear deformation coefficients, and activation
and deactivation rates of FAK and ROCK are found to influence a, and thus the response on

stiff matrices.

Method for parameter sensitivity analysis

The sensitivity value S of the level of nucleocytoplasmic ratio of YAP/TAZ to a parameter p

dlog(r)
dlog(p)’

is defined as: § = where p is the base parameter value, and r is the nucleocytoplasmic

ratio of YAP/TAZ at the base parameter value. The S value is equivalent to the slope of r

versus p on a log-log plot and represents the fold-change in the nucleocytoplasmic ratio of



YAP/TAZ resulting from a fold-change in a parameter value (0.1-, 1- and 10-fold changes of
the base parameter). A line was fitted to the data points with the slope of the line taken to be

the S value.
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Figure S8. Parameter sensitivity analysis of cell adhesion, signaling and nucleocytoplasmic

shuttling dynamics of YAP/TAZ in the integrated model for the elastic substrate.
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Supplementary Note 2 - Model parameters

»  Parameters for integrin-clutch dynamics (Table S1)

Fstant 1s the stall force of motor where the rate of actin flow is equal to zero, i.e., Fswan = #im F,
where F), is the maximum force that each single motor can exert and the 7, is the myosin
number. Molloy et al. showed that a single myosin head can produce a force of ~1-2 pN
under isometric conditions (1). In our model, F,» = 2 pN. As for n,, we set the same value as
in the literature (2), i.e., nm = 50, in order to ensure that the maximal adhesion force is within

a range of quantities, ~100 pN as measured in (3).

Vo is the maximum actin flow rate which is also the unloaded myosin motor velocity.
Elosegui-Artola et al. (4) and Chan et al. (3) have measured that actin flow rates with the

minimal integrin bond connection are ~100-120 nm/s.

Niink 1S the number of clutch bonds. This is a free parameter that is set to slow retrograde flow
to experimentally observed level ranging between 120 pN/nm and 40 pN/nm (4). Usually, for
motor-clutch system, we set the number of clutch bonds and the number of motors to be

equal in simulations to ensure cells can perform effective stiffness-sensing (2).

F} is the characteristic rupture force of substrate-actin clutch bond. Jiang ef al. showed that

such rupture force of slip bond is ~2 pN (5).

kon” is the true binding rate of integrins. Elosegui-Artola et al. have experimentally shown

that the true binding rates of aspi-FN and a.fs-FN bonds are 6.1x10° um?/s and 6x10°

um?/s, respectively (4). Besides, Litvinov et al. showed that oufs-fibrinogen binding rate is

1-2x10™ um?/s. Since asP1 integrins are the main type of mechanosensing molecule, we set

true binding rate to be 6x10™ um?/s.

koi” is the bond off-rate. This is the pseudo first-order unloaded off-rate constant for clutch
dissociation from F-actin. Lele et al. showed that the range of values for bond off-rate is
0.01-0.1 s (7).

Kiink 1S the motor-clutch spring constant. Roca-Cusachs et al. showed that the stiffness of talin

is ~1.5 pN/nm and of FN is ~0.5 pN/nm (8). Since the unfolding and reinforcement processes



of clutch bonds occur mainly on talin molecules, we set this value to be 0.8 pN/nm.

din: 1s the integrin density on the membrane and d.qq IS the added integrin density during the
reinforcement process. Note that as described in (4), dasa does not influence the results of
motor-clutch dynamics, which just regulates the time required by the simulation to reach
steady state. SO We set duas = 4/um? (4). Integrin densities on the membrane is measured
experimentally ~488/um? for asfi and ~2513/um? for o.Ps (4). Considering that the aspi

integrins are the main type of mechanosensing molecule, we set this value to be 500/um?.

Fer 1s the threshold force for adhesion reinforcement. When F > F,, the density of integrins

increases with a value of du4s. Here, in our model, we set F.r = 87 pN which is consistent with

).
Pa is the radius of the circular adhesion site. It has been shown that the typical length scale of

cell adhesions is on the order of ~1-2 um (9). Thus, we set Pa = 550 nm, which is also

consistent with (4).

Table S1. Baseline of model parameters for integrin-clutch and substrate mechanics

Parameter Symbol Value Refs
Stall force of motor Fstan 100 pN 1)
Maximum actin flow rate Vo 120 nm/s 2)
Number of clutch bonds Niink 50 )
Characteristic rupture force of clutch bond Fy 2 pN %)
Bond on-rate kon' 6x10° pm?s™! “)
Bond off-rate kog® 0.1s7! (7
Bond spring constant Kiink 0.8 pN/nm (®)
Threshold force for adhesion reinforcement Fer 87 pN 4)
Added integrin density dada 4 um “)
Integrin density on the membrane dint 500 pm-? 4)
Radius of circular adhesion site Pa 550 nm 4

Stiffness for elastic substrate E 102~10% pN/nm adjust



Long-term stiffness for viscoelastic substrate E 102~10% pN/nm adjust
Additional stiffness for viscoelastic substrate E, 102~10% pN/nm adjust

Viscosity for viscous substrate n 102~10% pN-s/nm adjust

» Parameters for intracellular signaling pathways
Parameters of the intracellular signaling pathway are obtained and supported from the

existing literature (Table S2).

Table S2. Baseline of model parameters for intracellular signaling pathway

Parameter Symbol Value Refs
Auto-phosphorylation rate of FAK kraK-a 0.015s? (10) (12)
Dephosphorylation rate of FAK kFAK-ina 0.035s1 (11) (12)
Activation rate of RhoA kRno-a 0.0168 s (11)
Deactivation rate of RhoA kRnho-ina 0.625s1 (11) (13)
Activation rate of ROCK kROCK-a 2251 (10) (14)
Deactivation rate of ROCK KROCK-ina 0.8st (10) (15)
Activation rate of mDia kmDia-a 1st (10) (16)
Deactivation rate of mDia kmDia-ina 1st (10) (11)
Activation rate of myosin kmyosin-a 0.03s? (11)
Deactivation rate of myosin kmyosin-ina 0.067 s (11)
F-actin polymerization rate KF-actin-a 04s?t (%))
F-actin depolymerization rate KF-actin-ina 355t a7

» Parameters for YAP/TAZ dynamics (Table S3)

a 1s the nuclear pore deformation coefficient which is the intensity of nuclear stress's effect
on nuclear pore deformation. Our previous study showed that the nuclear pore is linearly
related to nuclear stress (18). Thus, for simplicity, we here assumed that perinuclear forces F'

also is proportional to nuclear stress, i.e., o = 1.

kyap-in and kyap-out are the YAP/TAZ nuclear import and export rate, respectively. kyap-in is the

rate of import of YAP/TAZ to nucleus due to the increased pore deformation. We can obtain



the import and export rates by fitting the FRAP experimental curves with an exponential
function (19). Here, we set the import rate on a soft substrate (5 kPa) to be 0.1 s™' and export

rate on different substrates to be 0.3 s\,

Fysp-unfoia 1s the YAP unfolding force. Elosegui-Artola ef al. experimentally investigated the
mechanical stability of YAP molecules by pulling single YAP molecule with an AFM (19).
These results showed that, in the majority of the cases, YAP molecules can be unfolded at
undetectable forces (<10 pN). Thus, we set YAP unfolding force to be 2 pN which is within
an order of magnitude of the clutch unfolding force to ensure that cells have appropriate

force-sensitive behavior.

About the stiffnesses of FG and YAP molecules. Bestembayeva et al. experimentally showed
that the stiftness of FG-nup is ~1-5 pN/nm (20). As for YAP molecules, an estimated value
obtained from the AFM data (19) (the example curves showing YAP/polyprotein extension as

a function of forces) is used in the model. Thus, we set Kyap = Kyap = ~2 pN/nm.

Table S3. Baseline of model parameters for YAP/TAZ dynamics

Parameter Symbol Value Refs
Nuclear pore deformation coefficients o 1 adjust
Stiffnesses of FG Krg 2 pN/nm (20)
Stiffnesses of YAP Kyap 2 pN/nm Estimated from (19)
YAP/TAZ nuclear import rate kyAp-in 0.1st Estimated from (19)
YAP/TAZ nuclear export rate kyAP-out 03st Estimated from (19)

YAP unfolding force Fyap-unfold 2pN (19)




Supplementary Note 3 - Constitutive equations of SLS and Burgers model

»  The constitutive equations of standard linear viscoelastic solid (SLS):

E(.I’ Ea’o—a n’ g'b” 0—17
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A force F; acting on the standard linear viscoelastic solid, therefore,
F, =0,+ 0, =0, + 0y, (S1)
Xs =& = &4 + & (S2)

According to Hooke's law and Newton's law of flow,

o = Elgl = Elxs, (83)
0q = Egéq, (54)
0y = NEy. (S5)
From Eq. S2,
Xg = &, + &, (S6)
Substitute Eq. S4 and Eq. S5 into Eq. S6,
g, o
Xs = L. + 0 (S7)
Substitute Eq. S1 into Eq. S7,
F,—ad; F
_X:S S O-l S O-l (Sg)
Eq n
Then,
Fs - Elxs P:s - Elxs
fo = . S9
S A (89)
Then constitutive equations of standard linear viscoelastic solid as follows:
N(Eq + EDXs + EgEyxs = 7715'5 + Eqfs. (510)

»  The constitutive equations of Burgers viscoplastic element:

M1,€1,01
E2,£2,0'2 N2, €2,0,

D—'www—E—Il——»F;




Let D =d/dt stand for differential arithmetic and V(D) represent the arithmetic
polynomial. Now, there are two basic units Fgq = V;(D)xs, and Fg, = V,(D)x,,. If the
two units are “in series”, then F;, = Fg; = F;, and xg = xg;1 + X5,. The Burgers element is

composed of Kelvin body and Maxwell body in series. Thus,
V1(D)V,(D)

= X, S11
A FIAG R (511
Then,
E.E.,n,D + E D?
F, = 1E27M2 21172 _x,, (S12)
E\E; + (Einz + Exng + Ean)D + 4D
Then, we have
.o M2 . (771 N2 772) . MN2 .
—x. =F. —+—=—+—|F.+——F,
M2Xs + E1 Xs s + E1 + E1 + EZ st E1E2 S (813)



Supplementary Note 4 - Coupling between substrate deformation and chemical

reactions

First, the cell traction force in algorithm is calculated by:

Niink Niink
F = Z Kiink (xi - xs) = Kiink Z Xi — XsKiink Niink = Fum — XsKsum- (S14)
i=1 i=1

where Fg,,, i1s the sum of all closed bond deformation and K,,, is the sum of all closed
bond stiffnesses; F; is the force acting on the substrate and x is thus the strain of substrate.
Later, the constitutive equations of substrates are discretized using a Backward Euler method
and the cell traction force is calculated based on the new deformation of substrate. Details

about method of substrate strain in algorithm are as follows:

For elastic model:

F; = Exg = Fym — X Kgym, (SIS)
Then,
Fsum
Xy = ————, S16
S E+Kgm (S16)
For viscous model:
F, = nXs = Foyum — XsKsym, (S17)
Then, we developed discrete format of differential equations by substituting,
xs,n-.l-l = (xs,n+1 - xs,n)/dt' (S18)
Fs,n+1 = Fsum,n+1 - xs,n+1Ksum,n+1- (S19)
Then,
x, 1dt
Xsn+1 — X + Z?Fsum,rwl' (SZO)
dtK
A=1+ %"“ (S21)

For viscoelastic model:

First, we developed discrete format of differential equations by substituting,
xs,n-;-l = (xs,n+1 - xs,n)/dt’ (522)
Fs,;l+1 = (Fs,n+1 - Es,n)/dt' (523)

Fs,n+1 = Fsum,n+1 - xs,n+1Ksum,n+1' (S24)



F.'s‘,n = F.'s‘um,n - xs,nKsum,n'

(Ea + El)nxs,r.wl + EaElxs,n+1 = Ean,n+1 + nFs,r.1+1-

Then,
A B
Xsn+1 — Exn + El

K +
A= P1 summn ql:

dt
b1 p1
B = (1 + dt) Fsum,n+1 - EFsum,nr
q1 p1
C=qo+ EKsum,n+1 + Ksum,n+1 ar
Dy = n 4o = Eyq _(Eq + El)ﬂ
1 Ea, 0= Lpqdr = Ea

For viscoplastic model:

First, we developed discrete format of differential equations by substituting,

Xsn+1 = (xs,n+1 - xs,n)/dt'
xS,;’.l+1 = (xs,n+1 - sz,n + xs,n—l)/dtz'
F;, 7'1+1 = (Fs n+1 Fs,n)/dt'

Fs n+1 — (Fs n+1 ZFs,n + Fs,n—l)/dtz'
Fsnv1 = Fsummn+1 — Xsn+1Ksumn+1s
En = Fumn — XsnKsumn

Fs,n—l = Fsum,n—l - xs,n—leum,n—l'

Then,
X _ MO + Mlxn - szn—l
s,n+1 N ’
MO (1 + E + dtz) Fsum,n+1 - (E + F) F:cum,n + WFsum,n—l'
@, 2 (p1 2P2>
1= dt dtz sum,n dt dtZ
qz P2
M, = W + Ksum,n—l Pf
_, 9 by Pe
N—dt+dt2+Ksumn+1 (1+dt+dt2)
771 12 772) _ M2 _ _Mn2
+ + z—ElEZ'Ch—Uz'QZ E

(S25)
(S26)

(S27)

(S28)

(S29)

(S30)

(S31)

(S32)
(S33)
(S34)
(S35)
(S36)
(S37)
(S38)

(S39)

(S40)

(S41)

(S42)

(S43)

(S44)



Supplementary Note 5 - Model description: Dynamical equations and the flow chart

» Dynamical equations for intracellular signaling pathways

The dynamical equations to describe the cytoplasmic signal pathway (7able S4) are as

follows:

Reaction

Rate

Description

ina a
Mineline + NFAK = Nipeline + NFAK

2

Mint
N =———Crak—inal + Kragx—
1f nizm+K[ FAK ma] FAK—a

a ina
Neak — Nedk

Ty = Kpak-inalCrak-al

Nine: the number of active clutch
It active clutch
N2+ inactive FAK

Ngax : active FAK

a ina a a
Negx + Nrho = Nrak + Ngno

795 = Kgno—alCrak—all[Crroa-inal

a ina
NRho = Ngho

T2r = tha—ina [CRhoA—a]

ina

Ngi2 - inactive Rho

N : active Rho

a ina a a
Neno + Nrock = Nrno + Nrock

135 = Kpock-alCrock—inal [CrRioa—al

a ina
Ngock — Nrock

13, = Krock-inalCrock-al

NjBe. - inactive ROCK

Ngock: active ROCK.

a ina a a
Ngho + Nemdia1 = Nrho + Nmbia1

TZLf = kmDiaifa [CmDialfina] [CRImAfa]

N& N Nina

mDial mbDial

Tyr = kmDia‘l—ina [CmDial—a]

ina . : ;
NpDiaq: inactive mDial

a .
Npipia1: active mDial

a ina a a
NROCK + NMyusin i NRUCK + NMyasin

rSf = kMynshra [CMyasinfina] [CRDCKfa]

a ina
NMyusin i NMyosin

sy = kMyasinfina[CMynsinfa]

ina L : H
Nyfyosin' IDactive myosin

a o .
Nyfyosin' active myosin

a a
Nmbia1 + Ne—actin 2 Nmpia1 + Nr-actin

Ter = kr-actin[Co-actin] [Cmpia1]

Np—-actin = Ng-actin

Ter = KG-actin[Ce-actin]

Ng—actin: G-actin

Np_qetin: F-actin

out in
Nyapraz = Nyapraz

75 = kyap—in[Cyap—out]

in out
Nyapraz = Nyapraz

77y = kyap-out[Cyap-inl

N24% jTaz: cytoplasmic YAP/TAZ

N{l4p raz: DUClear YAP/TAZ

where [Cmolecule] represents the time-varying amounts of various signaling molecules;

kmolecule-« and Amolecule-ina are the activation and deactivation rates of these signals, respectively.

d[cpg_a] S (S45)
—d[CRZZA_a] =T3r — T2, (S46)
% = T3 — T3y, (S47)
% = Ty — T, (348)
d[CmC/lotsin—a] S (349)
d[CF—;;tin—a] — (S50)

where the 7 and 7, are the activation and deactivation rates of signals correspondingly in



Supplementary Note 2.

» The flow chart of simulation

1

Set initial conditions including biomolecular number, clutch bond state
(all open), parameter values et al.

2

Update chemical rates according to Table 1 in Methods, e.g., Rho
activation rate, YAP translocation rate et al.

Calculate the reaction time for each possible chemical reaction, e.g.,
bond dynamics and chemical reactions, according to Eq. 18

&

Execute the reaction with the minimum reaction time

&

Advance time

&

Update the actin flow according to Eq. 1

@

Advance connected bond positions by the product of the actin retrograde
flow rate and time step

&

Calculate F,,, and K, according to Eq. S14
Calculate substrate displacement according to Eq. S15-44

@

Calculate the cell tractions, actin cap filaments and YAP/TAZ N/C ratio

Figure S10. The flow chart for stochastic simulation algorithm.
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