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S1. Geometry of the Three-Dimensional Mechanochemical Model

The simulated geometry is one half of the cell and fluid channel, as it is symmetric along the
x-z plane shown in Figure S6a. To accurately mimic the real shape of the cell, we conducted
CM-Dil staining on the cell membrane and DAPI staining on the cell nucleus (Figure 2c). It
should be noted that the geometry of conventional fibers is not constructed directly, but
obtained computationally (see section 2.3). Specifically, we utilized Gaussian curves to
mathematically fit the long and short axes of the cell membrane (see the schematic of the

fitting process is shown in Figure S7a and Figure 2c):

Z(x) =A-exp (— %)2 (S1)
Here, A represents the peak value of the Gaussian (the heights of cell membrane), which is
fitted as 12.03+£1.01 um (n > 30). C represents the standard deviation, and we calculated the
boundaries of 95% Gaussian function area to determine the lengths of long axes
(110.26+10.12 um, n > 30) from X-z view and short axes (18.01+1.05 pm, n > 30) from y-z
view of the CM-Dil stained cell membrane. Moreover, the dimensions of the nucleus were
characterized by its major axis, minor axis, and height, as shown in Figure 2 of the article.
Subsequently, the staining data was imported into Creo Parametric 7.0, a powerful computer-
aided design (CAD) software, to trace the outlines of the averaged cell membrane and
nucleus. Additionally, seven actin cap fibers were constructed within the cytoplasm, and they
were connected to the apical surface of the nucleus mimicking the LINC complexes and fixed
at the basal surface mimicking the focal adhesions. The fluid channel was established outside
the cell, and both the inlet and outlet were extended sufficiently to ensure complete flow
development. Furthermore, to avoid any interference with the flow due to boundary effects,
the distance between the side walls and the cell membrane was set to be greater than 5 times

the short axis of the cell.
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S2. Development of the Three-Dimensional Mechanochemical Model

We here present the key features of our three-dimensional cell model for flow shear stress
mechanotransduction and Y AP transport in section 2. The reactions and parameters of each
component are explained in detail in Tables S1-S2.

S2.1 Fluid Flow in the Microfluidic Channel

Our model incorporates a solid cell embedded in the fluid domain, which mimics the cell
medium in the microfluidic channel utilized in the experiments (Figure S6a). Specifically, we
constructed a rectangular channel filled with homogeneous and incompressible cell medium,
which was assumed to exhibit Newtonian rheological properties. The flow of the medium is

governed by the three-dimensional incompressible Navier-Stokes equation and the continuity

equation:

ou wi
Priuid (# + Usia - Vufluid) = uV*Uspyiq — Vp (S2)
V. Usuid = 0 (83)

where uruid represents the fluid velocity and p represents the pressure. The fluid density (pfiuid)
and viscosity (u) are set to 1050kg m and 0.95x103Pa s, respectively, to maintain
consistency with the experimental conditions. The channel wall and cell membrane surface
were treated as no-slip boundaries. Additionally, we adjusted the inlet flow velocity boundary
to ensure that the flow shear stress at the channel wall aligns with the experimental

conditions, while the flow shear stress on the cell membrane surface will exceed this value
(Figure S6b). Furthermore, the outlet pressure boundary was set to be a zero pressure, which
also aligns with the experimental conditions.

S2.2 Fluid-Structure Interaction at Cell Membrane Surface

We integrated fluid flow with cellular solid mechanics by performing fluid-structure
interaction (FSI) analysis to accurately capture the transmission of flow shear stress. The FSI
coupling is applied at the cell membrane surface (as shown in the FSI interface in Figure S6a),
which accounts for both fluid forces acting on the solid cell and the transmission of cell
deformation-induced velocities to the fluid. The following equations describe the interactions

between the fluid and solid domains at FSI interface:

I = —pl + p(Vugyig + (Vugyig)™) (S4)

rn=0'n (S5)
0 soli

Vyan = —o24 (S6)

Equation (S4) describes the transfer of stress from the fluid to the solid domain. Here, I" is the

stress tenor in the fluid domain, and I refers to the identity matrix. Equation (S5) represents
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the normal stress balance condition on the FSI interface, where n is the unit normal vector,
and o is the stress tensor in the solid domain. In addition, in Equation (S6), vwai represents the
velocity of the FSI interface, which acts as a moving wall for the fluid, while usolid represents
the displacement of the solid cell. By solving these equations using the arbitrary Lagrangian-
Eulerian (ALE) method, which combines the Eulerian description of fluid flow with the
Lagrangian description of solid mechanics, the flow shear stress transmission can be
effectively simulated.

S2.3 Solid Mechanics of Deformable Cell with Subcellular Components

In our three-dimensional model, the solid domain comprises the cytoplasm (contains
conventional fibers), nucleus, and actin cap. Within this domain, both the cytoplasm and
nucleus undergo only passive deformation in response to external forces, while the
conventional fibers and actin cap are capable of experiencing both passive cytoskeletal
stiffness and myosin-driven contractile stress.™™ Firstly, we treated the cytoplasm as an

isotropic linear elastic material with a constitutive relationship described by the Hooke's law:

_ Ecyto VEcyto
o=~ &t (1+v)(1-2v) tr(e)l (57)

Here, Ecyto represents the Young's modulus of the cytoplasm, v represents the Poisson's ratio.
The values for all parameters in our model were summarized in Table S2. The first term of
Equation (S7) represents the linear elastic response of the cytoplasm to the strain tensor &,
while the second term represents the volumetric response.

Notably, the cytoplasm domain contains conventional fibers. In this paper, the orientation of
conventional fibers is established by assessing the concentration gradient of a dimensionless
scalar U, which diffuses from the basal surface of the cytoplasm towards the nuclear
membrane and governed by the diffusion equation. This method is similar to the approach
employed in the works of Novev et al.?! and Bakir et al.,[®l which is mathematically described

as:
&=

Here, & represents the vector field of conventional fibers as shown in the left panel of Figure

-vu
|-vul

(S8)

S6c¢. Similarly, the vector field of the actin cap is determined using Equation (S8), where the
dimensionless scalar U diffuses from one focal adhesion to the other within the actin cap
domain (right panel of Figure S6c¢). The cytoskeletal stress is assumed to exist only in the
direction of the fibers, which includes contributions from F-actin-driven passive stiffness
(Kr), myosin-driven contractile stress (om), and the volume fraction of fibers in the unit

volume of the domain (p),[ which can be calculated as:
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o = po; = p(kpe + ay) (S9)
To mimics the dynamic formation of conventional fibers, p is assumed to be the first-order
functions of the F-actin (further details are provided in the subsequent section of this
Supporting Information Text). Regarding the actin cap, p is obtained from experimental

measurements using the Hill equation fitting,[ which is governed by:

H = Ho(1+-25) (S10)

t4+p4
Here, Ho, o, and g are parameters that determine the shape of the Hill equation, and t
represents the flow time. The specific values for each flow condition can be found in Figure
S7b. During the fitting process, special care was taken to ensure that the R-square value for
each group fit exceeded 0.95, ensuring the accuracy of the fitting procedure. It is important to
note that the decision to utilize experimental data for fitting the actin cap formation equation
is due to the complex signaling pathways involved in this process. For instance, the actin cap
formation in response to flow involves intricate interactions with various proteins, such as
zyxin-mediated formation at low shear stress and talin-mediated formation at high shear
stress.P®! These complexities make it challenging to describe the actin cap formation with
explicit mathematical expressions in the current model.
Regarding the cell nucleus, we considered it as an isotropic viscoelastic material, and its
constitutive relationship is described by the Maxwell model as shown in Equation (S11):

o

f=—+= (S11)

Enuc  Tr
Here, Enuc represents the Young’s modulus of the nucleus, and zr represents the relaxation
time of the nucleus (The values for all parameters in our model were summarized in Table
S2).[1
As the boundary conditions for the solid domain, the bottoms of the compartments were fixed
in all directions, including the cell basal surface and focal adhesion of actin caps, replicating
the adhesion of the cell to the substrate. The surfaces of nucleus and actin cap are in contact
with each other. The contact conditions were assumed as tied-type contact methods to mimics
the present of LINC.
S2.4 Transport Model of YAP-Mediated Mechanotransduction
To comprehensively understand and predict the nucleocytoplasmic shuttling of YAP, our
study integrates both the involved biochemical pathways and mechanical regulations.
Regarding the biochemical regulation, we consider essential components associated with YAP
mechanosensing, namely RhoA, rho-associated kinases (ROCK), formin mDial (mDia), LIM

kinase (LIMK), and Cofilin pathways, as depicted in Figure 2b in the manuscript. The
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transport processes of the activating and deactivating components of these pathways are
governed by reaction-diffusion equations derived from previously validated model.™
For the upstream component RhoA in our model, we account for its transport within the
cytoplasm, its activation through FAK phosphorylation near focal adhesions, and its
activation in response to flow shear stress at the apical plasma membrane. The governing

equations describing these processes are as follows:

dCrio
gil 4 = DRhOAACRhOA + n‘rkfkp (VCPFAKS + 1)CRhO - kdeRhOA (812)
—Dgpoa(m - VCRhoA)lPM—apical =T- Rap (S13)

Here, Crnoa, Drnoa represents the concentration and diffusion coefficient of RhoA,
respectively. The second term in Equation (S12) describes the activation of RhoA due to FAK
phosphorylation (pFAK) near focal adhesions. Here, nr, kx,, 7, and pFAK concentration
(Cprak) collectively determine the activation rate of RhoA due to pFAK, and kg, represents the
deactivation rate of RhoA.[ 71 |In addition, in Equation (S13), T represents the thickness of
plasma membrane,® and R,, represents the RhoA activation at plasma membrane with

kinetics expressed by Hill equation:[®!

Crho (S14)

T
Rap = Rmax,p

T+a
Where Ryax, represents the maximum activation rate, T denotes shear stress magnitude, Crno
is Rho concentration (deactivation form of RhoA), and a is shear stress value when the
activation rate of RhoA reaches R,..x,/2. FAK is known to be activated and converted to

pFAK by the stress at focal adhesions, whose transport and activation are modeled as:

0CpFak
oat

—Dprak (n : VCpFAK)l

In Equation (S15), Cprak and Dprak represent the concentration and diffusion coefficient of

= DprakACprak + kfCrax — KagCprak (S15)

PM-basal =T RpFAK (816)
phosphorylated FAK, respectively. ks and kst model the baseline phosphorylation rate and
deactivation rate of FAK, respectively. Notably, Equation (S16) describes the activation rate
of pFAK in response to cytoskeletal stress, and the stress-sensitive activating rate Rprax IS

modeled as a second-order Hill equation:[*!

0.2

RpFAK = Rmax,pFAK S21C2 Crak (S17)
Here, Rmaxprak IS the maximum activation rate due to stress (o) in FA, C is the value of stress

when the activation rate of FAK is Rmax,prak/2. This expression is analogous to the previously
published mathematical description of cytoskeletal stress equivalence based on substrate

stiffness.[*al Additionally, to account for the more rapid FAK phosphorylation at focal
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adhesions within the actin cap,!*®! we assumed a tenfold amplification of Rprax at actin cap
associated focal adhesions.

Based on the activation of RhoA, we simulated the associated actin fibers reorganization
process using reaction-diffusion equations. This process involves the mDia-actin pathway, the
ROCK-LIMK-cofilin-actin pathway, and the ROCK-myosin pathway. The mathematical
formulations and parameter choices for these biochemical conversions were derived from the
studies of Scott et al.*al and Sun et al.,l*"! and are comprehensively explained in Table S1-S2.
Specifically, the formation (polymerization) of F-actin is determined by the concentrations of

mDia and cofilin, as described by the following equation:

OCF—qgctin

5 = Dr-actindCr-actin + kra (ACmpia, + 1)Co-actin — (Kaep + kge1Ceogitin) Cr—actin (S18)
Here, Cr-actin and Dractin represent the concentration and diffusion coefficient of F-actin,
respectively. The second term describes the polymerization rate of F-actin, driven by the
interaction between G-actin and activated mDia. The third term represents the
depolymerization rate of F-actin due to cofilin. Next, we employ the concentration of F-actin
divided by its maximum concentration under unidirectional flow as the volume fraction (p) in
Equation (S9). This design allows us to simulate the mechanical effects resulting from F-actin
polymerization.

In addition to the passive stiffness determined by F-actin, we further considered the active
contractile stress contributed by activated myosin (see om in Equation (S9)), and owm is
simulated as a linear function of the concentration of activated myosin (Cwmyon), i.€.,

om=KactCmyoa. The myosin activation is described by the following equation:

ac o
A{;Ii, 4= DMyOAACMyOA + kmr(KCROCKA + 1)CMyo - kdmyCMyOA (819)

In Equation (S19), Dwyoa represents the diffusion coefficient of activated myosin. The second

term in the equation describes the effects of ROCK activation on myosin activation, while the
third term represents the deactivation rate of activated myosin. The intricate interplays among
the inactivated/activated mDia, ROCK, LIMK, Cofilin, myosin, and actin is detailed in Table
S1-S2.

Finally, we have incorporated a comprehensive set of reactions to model the transport of
YAP. This model not only considers the YAP dephosphorylation induced by F-actin and
activated myosin!**! but also accounts for the mechanosensitive regulation resulting from the
cytoskeletal stress acting on the nucleus.[*?! Specifically, the rate of YAP dephosphorylation is
modeled as a product of F-actin and myosin concentrations,*? while YAP's nuclear

localization or cytoplasmic retention is governed by the export and import rates of
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dephosphorylated YAP.[*¢ 121 The kinetics of YAP shuttling between the nucleus and the
cytoplasm can be described by the following equations:

ac
%AP = DyapACypp + (kCN + kCYCF—actinCMyoA)CpYAP — kncCyap — Jvapnm (S20)

Here, Cvap and Dyap represent the concentration and diffusion coefficient of YAP
(representing the dephosphorylated YAP), respectively. The second term considers the
dephosphorylation process of phosphorylated YAP (pYAP). The last term describes the
nucleocytoplasmic shuttling of YAP. In this paper, we modeled it as a function of nuclear

membrane equivalent strain, reflecting nuclear pore stretch:

ENM
= ki ———— Cyap — Koyt C S21
Jyap.nm op—— outbyar,,. (S21)

where kin and kout is the first-order constant modulating the rate of YAP nuclear import and
export. Cyap and Cyapnyc are the concentration of cytoplasmic and nuclear YAP, and enm
represents the nuclear membrane equivalent strain, which is calculated as enm = [2/3 (ex® +
ey’ + 27 + 260 + 265 + 26,2)]M2. enmt is the value of strain when the import rate reaches its
half maximum. The deformation of nuclear membrane is determined by the stress transmitted
from actin fibers shown in Equation (S9) and the nuclear stiffness. The relationships between
nuclear stiffness, flow shear stress and time are fitted from the Young’s modulus calculated
from the measured Brillouin shift with Hill equation (Figure S7c), which is similar to the
method utilized for fitting actin cap volume fraction.

Equation S21's form is similar to the previously published model that used substrate stiffness,
nuclear pore complex, and Lamin concentration to equivalently represent nuclear
deformation. In this equation,“d the first term reflects the promotion of Y AP nuclear entry by
nuclear pore stretch, while the second term sets the Y AP export rate as a first-order rate,
demonstrating its relatively weak mechanical sensitivity.? 128 The detailed mechanisms and
parameter values for this nucleocytoplasmic shuttling process are elucidated in Tables S1-S2.

The sensitivity analysis of key parameters is provided in Figure S9b.

S3. Simulation Methods of the Three-Dimensional Mechanochemical Model

The mechanochemical model was implemented using the finite element package COMSOL
(Burlington, MA), a widely recognized software that provides robust capabilities for multi-
physics simulations. We leveraged COMSOL's ability to couple laminar flow, solid
mechanics, and diluted species transport components, thereby capturing the comprehensive

physics involved, as indicated in Table S1. For the implementation, we employed the fully
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coupled approach and utilized the MUMPS Direct solver with relative and absolute error
tolerances set at 110" and 5107, respectively.

To simulate the unidirectional flow, we conducted simulations for 24 or 72 hours, using time
steps of 0.1 seconds that grew exponentially to accelerate calculations. For oscillatory flow
simulations, we shortened the time to 24 hours to capture the process of actin cap formation
and nucleus stiffness alteration. The calculations were performed using uniform 0.25-second
time steps for a total of 8.64 seconds to expedite the process. All simulations were run for a
total of 100 seconds to obtain a steady state. In addition, the initial conditions of all transport
components are kept constant with the published chemical model.[*

To mesh the entire geometric model, we employed tetrahedral meshing with a total of
133,364 elements (Figure S6a). To ensure the alignment and non-overlapping nature of grid
nodes, various subdomains with different spatial sizes and transport properties shared
topology. In the boundary layer, we set the element adjacent to the endothelial membrane
surface to be 0.15 pum, gradually growing over 5 layers. We performed mesh independence
tests, using meshes of increasing fineness until no differences were observed between meshes
of two consecutive refinement steps. This ensured that our simulation results were not
affected by the mesh density.

To enhance reproducibility and accessibility, the COMSOL modeling file is publicly available
on Github (see Data Availability).

S4. Vertex-Based Model Simulating Collective Cell Behavior

We employed the vertex model to represent the endothelial cell monolayer as a polygonal
network, where interconnected polygons represent individual cells in contact.[*¥l The vertex
dynamics follow a mechanical force balance, with each vertex position satisfying the

overdamped dynamics equation:

]/% — Fipassive + Fiactive (822)

where y denotes the friction coefficient between cells and the substrate. The passive force is

passive
F i

described as = —0dU¢/0r;, and the energy function U is defined as:

U =23, [Ka(4 = A0))" + KeL| + Sy Al (S23)
where A, L, and lj represent cell area, perimeter, and bond length, respectively. r; represents

the position of vertex i. In addition, Ao; refers to the preferred cell area, Ka and K. refer to the
area and perimeter stiffness, and 4 represents the bond tension. Consequently, the three terms

on the right-hand side correspond to area elasticity stress, perimeter elasticity stress, and
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intercellular tension, respectively. The active force Fi2*"e=F p; accounts for the traction forces
of magnitude F exerted by the cells abutting at vertex i and in the average direction of their

polarities p; = Z(a|i)Pa/Ma- The cell polarity p. directs the traction force applied to cell « by

the surrounding matrix. The time evolution of each cell polarity obeys the random rotation
dynamics dp./dt=¢(t),[** with ¢(t) representing the white Gaussian noise.

For laser ablation experiment simulation, we eliminated four central cells in the middle to
simulate the laser cutting. For flow shear stress simulation, we added a bulk stress in the
vertex model to reflect the effect of shear stress on cell morphology based on the framework
of Tlili,!** which is assessed through the work of Lin et al.*®! Aligning with the flow

direction, the dimensionless bulk stress 6, is transformed into the force applied to each

vertex as:

F{€(6acs) = —R; - Gacs (S24)
1 A

Ry =5 (rip1 — 1) X2 (S25)

where Rj is the normal vector of the line l(i+1,i-1) connecting vertex i+1 and i-1. ri+1 and ri-1
represent the position of vertex i+1 and i-1, and Z represents the unit vector perpendicular to
cell monolayer. The topological defects in the orientation field are detected by following the
presented method.[*™ In addition, the nuclear strain is calculated based on our proposed
minimal model using the stress within actin cap and conventional fiber. The stress within
conventional fiber is assumed to be the summation of cellular elasticity stress and intercellular
tension. The computational method for the vertex-based model was implemented in CHASTE
(University of Oxford, Oxford, UK).[81 We used the following dimensionless values in the
simulation to match the behavior of endothelial cell alignment: Ag;=1, Ka=1, Kc=0.2, po=-
AIKc=3.6, 64.5=0.6, F=0.05, y=1.

S5. Regulation of cell monolayer behavior by actin cap formation

In cell monolayers, topological defects of cell alignments have been reported to influence
spatial varying Y AP activity, mediating cell death and extrusion processes.[*°! Considering the
close relationship between actin stress fiber and cell alignments under flow, and the impact of
actin reorganization on collective cellular mechanotransduction,?’! we integrated our single-
cell mechanochemical model with the vertex model to investigate the regulatory role of actin
cap in cell monolayer behavior with focus on nucleus membrane strain, which is the key
factor for YAP dynamics. To achieve this, we modified the vertex model to consider the flow-

induced formation of actin cap. The cell shapes and stress in conventional fibers (ocrs) are
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determined by their packing topology.?*! The stress in actin cap (oacs) is implemented by an
anisotropic bulk stress within each cell (Figure S11). We found that upon actin cap forming,
the vertex model successfully reproduced the experimentally measured endothelial cell aspect
ratio and alignments under flow (Figure S11b). To achieve a relatively general and concise
model of various mechanical stimulations such as flow shear, substrate stretching and
stiffness, we derived a minimal model of nuclear membrane strain based on our 3D modeling

and integrated it with the vertex model (Figure S11a), which is expressed as:

O, +po,
Eny = CFsTPOACs (826)
EnuctpEacs

Here, Enyc represents nuclear stiffness, p denotes actin cap formation, and Eacs corresponds to
actin cap stiffness. The apparent stiffness, EnuctpEncs, iS determined by both the nucleus and
the actin cap. To validate the reliability of Equation (S26), we applied the 3D model’s
simulated time sequences of stress and successfully reproduced the initial rise and decline in
nuclear strain (Figure S11c). In addition, the Equation (S26) captures the relationship between
nuclear stiffness, conventional fibers stress, and nuclear membrane strain when keeping p as
constant (Figure S11d), consistent with our 3D model’s results and previous findings.[> 4 121
The influence of actin cap on nuclear membrane strain depends on the ratio between its active
stress and stiffness (Figure S11e). A larger oacs to Eacs ratio leads to increased nuclear strain
as actin cap form, potentially corresponding to actin cap formation under short-term
mechanical stimuli, as observed in periodontal ligament cells responding to flow within 1
hour[?l and cells exposed to substrate stretching and stiffness,?®! leading to YAP nuclear
import. In contrast, a smaller ratio decreases nuclear strain, potentially reflecting long-term
actin cap formation, such as in endothelial cells responding to unidirectional flow and cells
experiencing prolonged stretching,?*! leading to YAP nuclear export.

The vertex model results show that the inhibition of actin cap in cell monolayer results in an
increased nuclear membrane strain (Figure S11f), which agrees with our experimental results
of actin cap inhibition promotes YAP nuclear import (Figure 1i). Then, we selectively
inhibited actin cap formation in individual cells and found that the localized actin cap
irregularities affect collective cells alignments (Figure S11h). Notably, the simulation results
predicted that the localized actin cap irregularities can induce topological defects and spatially
heterogeneous nucleus membrane strain in cell monolayer (Figure S11g). The defects
probability and coefficient of variation for spatial distribution of nucleus membrane strain
exhibited a significant increase when the target cell underwent complete actin cap inhibition.
This increase progressively diminished as the degree of actin cap inhibition decreased (Figure

S11iiand j). Collectively, our vertex model analysis predicts the potential role of actin cap in
10
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modulating collective cell alignments and spatial distribution of nucleus membrane strain

within the cell monolayer.
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Figure S1. Microfluidic chip fabrication, computer-controlled automatic perfusion system,

and monitoring of cell-cell contact under flow application. (a-b) Schematic representation of

the soft lithography process and PDMS membrane fabrication. (c) Schematic representation

of the computer-regulated automatic perfusion system. (d) Under flow conditions, cell density

consistently fluctuates between 700-900 cells/mm? (unidirectional flow shear stress, USS:
12 dyne cm™?; Oscillatory flow shear stress, OSS: 0412 dyne cm2, 1Hz). (e) Both USS and

OSS exhibit consistent cell-cell contact numbers (3 independent experiments, n > 80 cells). (f)

Total fluorescence intensity of actin cap, coefficient of variation, Brillouin shift, and YAP

nuclear-cytoplasmic ratio (YR) of control cells cultured for 24 hours under no mechanical

stimulation. NS, not significant.
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Figure S2. Complementary results of actin cap formation and nuclear stiffening under flow
shear stress. (a) Flow-dependent formation of actin cap under USS of 12 dyne cm and OSS
of 012 dyne cm2, 1Hz (3 independent experiments n > 80 cells). (b) Apical view of actin cap
formation under USS of 12 dyne cm and OSS of 0 +12 dyne cm, 1Hz. The actin cap present
cells are marked with dashed circles. (c) Nuclear Nesprin lines in static control and USS of

12 dyne cm™. Yellow arrows indicate the presence of the Nesprin line in the nucleus. (d)
Enhanced fluorescence intensity of H3K9me3 within the nucleus in response to USS of

12 dyne cm2 (normalized by the statics control). The data is derived from 3 independent
experiments, with more than 30 cells analyzed (n > 30). All data are shown as mean + s.d.
***p<0.001; ****p<0.0001; NS, not significant.
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Figure S3. The dynamics of actin cap formation, nuclear stiffness, and YAP localization

Time [h]

under flow shear stress. (a-e) Time-dependent variations in actin cap present cells, total
fluorescence intensity, coefficient of variation, Brillouin shift, and YR under USS of

4 dyne cm (3 independent experiments n > 80 cells, 5 independent experiments in Brillouin
tests). (f) Correlation matrix analysis among shear stress magnitude, time, frequency, total
fluorescence intensity, coefficient variation, and Brillouin shift. The upper half of the matrix
displays correlation, while the lower half displays significance. (g) Linear regression of YR
with respect to total fluorescence intensity of actin cap under 6 to 15 hours USS of

12 dyne cm™ (p<0.01) and OSS of 0 +12 dyne cm, 1Hz (p<0.01). All data are shown as
mean + s.d. *p<<0.05; **p<0.01; ***p<0.001; ****p<<0.0001; NS, not significant.
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Figure S4. Supplemental results of Brillouin measurements. (a) Comparison between the
Brillouin shift observed using Brillouin microscopy and the Young’s modulus obtained from
uniaxial compression tests. Both metrics exhibit a positive correlation with the GelMA
fraction. (b) Under unidirectional flow (USS, 12 dyne cm), there is a significant increase in
cytoplasmic stiffness concurrent with nuclear stiffening and actin cap formation. When
subjected to oscillatory flow (OSS, 012 dyne cm, 1Hz), there is only a slight increase in
cytoplasmic stiffness and not statistically significant (n=5 for each condition). All data are

shown as mean + s.d. *p<0.05; ****p<0.0001; NS, not significant.
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Figure S5. The effects of latrunculin B treatment on the actin cap and basal conventional
fiber. (a) Effects of latrunculin B in various doses ranging from 30 to 60nM on actin cap. (b)
Effects of latrunculin B in various doses ranging from 30 to 240nM on basal conventional
fibers, and the quantification of the total intensity of basal actin fibers (normalized to none
LatB treatment control, n=3). Scale bars, 40um. Data are shown as mean + s.d. **p<0.01;

w3k < 0,001; ****p < 0,0001.
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Figure S6. The mechanical details of the extracellular and intracellular environment. (a) The
calculating domains are divided to the fluid domain (corresponds to the medium within the
channel), solid domain (cytoplasm, nucleus, and actin cap). The fluid domain and solid
domain are fully coupled to achieve fluid-structure analysis. (b) The flow shear stress in the
channel and the deformed cellular plasma membrane under the condition of unidirectional
flow shear stress with 12 dyne cm. (c) The anisotropic direction of conventional fibers,
which is calculated through the diffusion potential of F-actin, and the anisotropic direction of

actin cap derived from experimental observation.
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Figure S7. lllustrates the experimental data-driven fitting of cell geometry, actin cap, and
nuclear stiffness. (a) The workflow used to obtain cell membrane shape through CM-Dil
staining and the side view used for Gaussian curve fitting. Three-dimensional visualization of
actin cap structure (actin caps are indicated by white arrowheads, unidirectional flow shear
stress, 12 dyne/cm?, 24 hours). (b) The relationships between actin cap present cells, flow
time and shear stress condition (R-square value of each group fit exceeds 0.95), which is
utilized as the volume fraction (p) for actin cap formation in the model. (c) The relationships
between nuclear stiffness, flow time and shear stress condition (R-square value of each group
fit exceeds 0.95), which is utilized as the nuclear stiffness (Enuc) in the model. Specifically, o
and [} describe the shape of the Hill equation, which are shown in the corresponding

subgraphs.
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Figure S8. Validation of signaling pathways involved in the model. (a) Lifeact imaging of
actin at 3-hour flow and 12-hour flow (left, the trace of marked points represents the
movement of actin flow vectors cluster between 10-min interval), the decrease in the mean
velocity of actin retrograde flow (n > 12, 3 independent experiments). (b) Simulated Von
mises stress at 3-hour and 12-hour flow (left), and F-actin temporal rate at 3-hour and 12-hour
flow (right). (c) Fluorescence intensity of phospho-Cofilin and mDial respect to flow time (3
independent experiments, n > 50 cells). (d) Schematic of endothelial cell subjected to
unidirectional flow shear stress (USS) of 12 dyne cm with decreasing phospho-Cofilin and
mDial expression. Scale bars, 40um. (e) The representative conventional fibers polarization
of endothelial cells under USS of 12 dyne cm. (f) Experimentally measured changes in
nuclear height under unidirectional shear stress (3 independent experiments, n>80). Simulated
nucleus z-direction deformation under unidirectional shear stress. (g) Correlation matrix
analysis of the concentrations of cascade signaling pathways involved in the model, including

RhoA, and the activated (inactivated) ROCK, myosin, LIMK, Cofilin, mDia, F-actin, and
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YAP. Scale bars, 3um. All data are presented as mean = s.d. *p<0.05; **p<0.01; ***p<0.001;
****p<0.0001; NS, not significant.
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Figure S9. Computational signaling pathways and the sensitivity analysis. (a) Signaling
pathways downstream of RhoA, including the mDia, ROCK, LIMK, Cofilin, myosin, and
actin (time-averaged concentration among 24 hours’ unidirectional flow of 12 dyne cm?). (b)
Sensitivity analysis of key parameters involved in the mechanical process. Our analysis
revealed that changes in the maximum activation rate of RhoA due to shear stress (Rmax,p),
the shear stress value when the activation rate of RhoA reaches Ry.x,/2 (@), the threshold von
Mises stress at focal adhesion (C), the FAK phosphorylation rate (Rmaxprax), and the
activation stress due to myosin activation (kact) do not significantly affect the biphasic
translocation of YAP under unidirectional shear stress. However, alterations in Y AP nuclear
import rate (kin), YAP nuclear export rate (kout), and threshold nuclear membrane strain of

Y AP nuclear import (enm,t) — Which are directly related to the nuclear-cytoplasmic properties

of YAP — have a more substantial impact on the YAP transport.
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Figure S10. Supporting information of simulating the mechanotransduction process. (a)
Simulation inputs for each condition including the actin cap formation (p) and the nuclear
Young’s modulus with respect to time. (b) Mechanochemical modeling under 4 dyne cm
unidirectional shear stress. (c) Live imaging of the actin cytoskeleton through Lifeact under
12 dyne/cm2, unidirectional flow. The results show a rapid increase in basal F-actin intensity
(20 min), and followed by the gradual decrease. (d) The relative changes in NM strain and YR
in OSS at 012 dyne cm?, 1Hz by enhancing actin cap formation and inhibiting nuclear

softening.
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Figure S11. Regulatory role of actin cap in cell monolayer behavior and nuclear membrane
strain. (a) Schematic of the vertex model considering actin cap and the minimal model to
assess the nuclear membrane strain. (b) Static and USS-induced alignment, and elongation of
endothelial cells. The comparison of experimental and simulated cell aspect ratio and
polarization (the flow direction is denoted as 0). (¢) Minimal model-calculated nuclear
membrane strain over the duration of USS. (d) Dimensionless nuclear stiffness (E,,,.) and
conventional fiber stress (6-r5) and their impact on nuclear membrane strain. (e) The
influence of actin cap on nuclear membrane strain. (f) The effect of actin cap inhibition on
collective cell nuclear membrane strain (n > 80, p < 0.0001, mean #s.d.). (g) The inhibition
of actin cap in individual cells and its potential role in inducing topological defects and
spatially heterogeneous distribution of nuclear membrane strain (red dots represent +1/2
defects, blue dots represent -1/2 defects). (h) The effects of actin cap inhibition in individual
cells on collective cell polarization. (i) The varying degrees of actin cap inhibition in
individual cells impact the formation and probability of different defect types (n=20 in each
condition). (j) The varying degrees of actin cap inhibition in individual cells influence the

spatially heterogeneous distribution of nuclear membrane strain, including and excluding the
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cells with inhibited actin cap (n=20 in each condition, ****p < 0.0001; *p < 0.05; NS, not

significant).
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Table S1. Equations of the mechanochemical model
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1 Fluid flow
OUg,i
pfluid ( af,lt ¢ + ufluid : vufluid j = /’lvzufluid - vp
1.1
V-Uguq =0
2 Fluid solid interaction (FSI)
T
I'=—pl+u (vufluid + (VUi ) )
21 | I'n=e6-n
Oug,
Vwall — solid
ot
3 Solid mechanics
3.1 | General form in all solid domai Mg _y
. eneral form 1n all solid domain Psolid = ‘G
32 | Cytoplasm: isotropic linear elastic material | 0= =228+ % __ir(g)]
. o= € &€
. ytoplasm: 1sotropic linear elastic materia 1+v (1+ v) ( 1_ 21/)
Cytoskeleton: along the fibers' direction o=po =p(ke+oy)
33 (Fitting refers to the Hill fitting in Figure Oy = Kt Crnyon
‘ S7b and c; CFs refers to the conventional {Fitting (Figure.S7b),i = ActinCap
ﬁbers) - CF—actin /CF—actin,max’i =CFs
Nucleus: isotropic viscoelastic material £=6/E +o/z,
34 E  — Fittina(Fiqure.S7
(Maxwell model) ne = Fitting(Figure.S7c)
4 Transport model
Module 1: Flow Shear Stress Sensing
Equations Reaction Rate
oC
— 2 =Dy ACe + R,
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Table S2. Parameters in the mechanochemical model

Parameter | Value Description
Piuid 1000kg m™ Density of the fluid
u 0.95x107pa-s Viscosity of the fluid
Peyio 1060kg m™ Density of the cytoplasm
Ecyo 2.9kPa Young’s modulus of the cytoplasm!?°!
v 0.45 Poisson ratio of the nucleus and cytoplasm*®!
Pruc 1350kg m™ Density of the nucleus, estimated from*”!
Fitted from
Brillouin Young’s modulus of the nucleus, which is a
Fe measurement (see | function of flow time in each shear stress condition
Figure S7c¢)
T 0.3s Relaxation time of the nucleus!®
Fitted from actin
p cap present cells Volume fraction of actin fibers
(see Figure S7b)
FAK phosphorylation rate due to stress at focal
Runax,prak 0.379s"!
adhesion applied by actin filaments*®
ky 0.015s™! Baseline phosphorylation rate of FAK®!
kar 0.035s! Deactivation rate of FAK!#"27]
Threshold von mises stress at focal adhesion,
C 110Pa
estimated based onl*"]
Activation rate of RhoA at focal adhesion due to
ko Is’! DFAKI)
kap 0.625s! Deactivation rate of RhoAB!
y 1000puM™> Activation rate of RhoA due to pFAK!*
Maximum activation rate of RhoA due to the shear
Runax,p 1.3257! stress, which is selected to close the order of
magnitude for RhoA activation rate due to pFAK*!
a 0.5Pa Threshold shear stress at cell membranel*?!
Scale for converting volume and surface Rho A2,
h : estimated by matching staining results in Figure 3A
Karock 0.8s™! Deactivation rate of ROCK*?- 3]
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kp 0.648s'uM™! Activation rate of ROCK due to RhoAP*
kamdia 0.005s"! Deactivation rate of mDial**!

kemr 0.03s’! Activation rate of mDia due to RhoAP#
K 36uM’! Amplification of myosin to ROCK**
Kdmy 0.067s™! Deactivation rate of activated myosin!*!
Kr 1.45MPa Young’s modulus of stress fiber!*®!

Activate stress due to myosin activation, estimated
kact 1000J mol™! by matching the magnitude order of passive stress
in actin fibers

kir 0.07s! Activation rate of LIMK¥
£ 55.49uM! Amplification of LIMK to ROCK! !
kai 257! Deactivation rate of LIMK ¥
kturn-over 0.04s™! Activation rate of cofilin/
kearcCofitin 0.34s’! Rate of catalysis for cofilin phosphorylation!*”]
Concentration of cofilin when the reaction rate
Kcofitin 4uM .
reaches its half of max ratel*”!
kra 0.4s™! Activation (polymerization) rate of F-actin[*
A 50uM! Amplification of F-actin to mDial¥
kaep 3.5s71 Deactivation (depolymerization) rate of F-actin[¥!
Deactivation (depolymerization) rate of F-actin due
kre1 4suM!
to cofilin!
ken 0.56s! Baseline rate of YAP dephosphorylation!*® 125 381
by 7631015 Rate of YAP dephosphorylation due to stress
fiberl4a 12b. 38]
Threshold first principal strain of YAP nuclear
ENM,T 0.0002 import, estimated by matching the magnitude order
of the calculated strain in pure mechanical model
knc 0.14s™ Rate of YAP phosphorylation[*® 120381
kin 10s ' pM! Maximum rate of YAP nuclear import!4® 120 38]
kout 10s'uM! Nuclear export rate of YAP!!22
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