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ABSTRACT

CONTINUUM MODELING OF CELL-EXTRACELLULAR

ENVIRONMENT INTERACTION

Xuan Cao

Vivek B. Shenoy

To performfunctions such agroliferation differentiation andlocomotion living cells
establish stable attachments to the extracellular matrix (ECM) via the formation of
specialized receptor mediated contact foci, through which they sense the mechanical
stimuli from the ECM and axpt thér cytoskeleton structures. The cellular contraction, on
the other hand, may induce dramatic structural changes to the local extracellular
environment, particularly for the fibrous matrices. The main goal of this thesis is to
understand the ceECM interaction and ceitell interaction, which lays the foundation to
address the role of mechanical stimuli in several physiological and pathological processes
such ascell differentiation,wound healing and tumor metastasis. First, we employ the
shearlag model to quantitatively identify the key parameters affecting the size of focal
adhesions, whicphysically linkthecytoskeleton to the ECM and serve as the signa.hub
Next, by extending the SLM to thregmensional and including the fibrous nature of ECM,

we study thecell mechanosensing in ndinear ECMs Furthermore, we focus on the

whole-cell level and study nuclear morphology and stress during tumor cell trantiong

Vv



Notably, our model explains the driving force for tumor cell transmigradimh shows
potential treatmenby preventing cancer cell extravasatidine nuclear morphology and
stress predicted by the model lay the foundation to study the anticgetat of DNA
damage during transmigratioRinally, we studythe gap formations due to the failure of
cell-cell adhesions iendothelium and show that the adaptive cellular contraction plays a

crucial role in preventing gap development and preservinpatreer function.
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Figure 2-1 (a) Schematic representation of the ¢@elECM adhesions. (b) Structural
model of the ECM/FAActomyosinNucleus assembly. Two types of ECM are considered

in this study: a 1D elastic fiber (c) and a continuous elastic medium (d), in ®hich
indicates mtegrin spacing and adhesion plaque is assumed to consist of the units of plaque
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Figure 2-2 The effective stiffness of a FA as a function of its size and ECM stiffness which
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sharing stage for small FAs where integrins share the load evenly. A larger FA in this
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Xiii


file:///C:/Users/Xuan-Laptop/Dropbox/Projects/PhD/5th%20year-Dissertation/Continuum%20Modeling%20of%20Cell-Extracellular%20Environment%20Interaction_Edited%20Chp5.docx%23_Toc7444974
file:///C:/Users/Xuan-Laptop/Dropbox/Projects/PhD/5th%20year-Dissertation/Continuum%20Modeling%20of%20Cell-Extracellular%20Environment%20Interaction_Edited%20Chp5.docx%23_Toc7444974
file:///C:/Users/Xuan-Laptop/Dropbox/Projects/PhD/5th%20year-Dissertation/Continuum%20Modeling%20of%20Cell-Extracellular%20Environment%20Interaction_Edited%20Chp5.docx%23_Toc7444974
file:///C:/Users/Xuan-Laptop/Dropbox/Projects/PhD/5th%20year-Dissertation/Continuum%20Modeling%20of%20Cell-Extracellular%20Environment%20Interaction_Edited%20Chp5.docx%23_Toc7444974
file:///C:/Users/Xuan-Laptop/Dropbox/Projects/PhD/5th%20year-Dissertation/Continuum%20Modeling%20of%20Cell-Extracellular%20Environment%20Interaction_Edited%20Chp5.docx%23_Toc7444974
file:///C:/Users/Xuan-Laptop/Dropbox/Projects/PhD/5th%20year-Dissertation/Continuum%20Modeling%20of%20Cell-Extracellular%20Environment%20Interaction_Edited%20Chp5.docx%23_Toc7444974
file:///C:/Users/Xuan-Laptop/Dropbox/Projects/PhD/5th%20year-Dissertation/Continuum%20Modeling%20of%20Cell-Extracellular%20Environment%20Interaction_Edited%20Chp5.docx%23_Toc7444974
file:///C:/Users/Xuan-Laptop/Dropbox/Projects/PhD/5th%20year-Dissertation/Continuum%20Modeling%20of%20Cell-Extracellular%20Environment%20Interaction_Edited%20Chp5.docx%23_Toc7444974
file:///C:/Users/Xuan-Laptop/Dropbox/Projects/PhD/5th%20year-Dissertation/Continuum%20Modeling%20of%20Cell-Extracellular%20Environment%20Interaction_Edited%20Chp5.docx%23_Toc7444974
file:///C:/Users/Xuan-Laptop/Dropbox/Projects/PhD/5th%20year-Dissertation/Continuum%20Modeling%20of%20Cell-Extracellular%20Environment%20Interaction_Edited%20Chp5.docx%23_Toc7444974
file:///C:/Users/Xuan-Laptop/Dropbox/Projects/PhD/5th%20year-Dissertation/Continuum%20Modeling%20of%20Cell-Extracellular%20Environment%20Interaction_Edited%20Chp5.docx%23_Toc7444974
file:///C:/Users/Xuan-Laptop/Dropbox/Projects/PhD/5th%20year-Dissertation/Continuum%20Modeling%20of%20Cell-Extracellular%20Environment%20Interaction_Edited%20Chp5.docx%23_Toc7444975
file:///C:/Users/Xuan-Laptop/Dropbox/Projects/PhD/5th%20year-Dissertation/Continuum%20Modeling%20of%20Cell-Extracellular%20Environment%20Interaction_Edited%20Chp5.docx%23_Toc7444975
file:///C:/Users/Xuan-Laptop/Dropbox/Projects/PhD/5th%20year-Dissertation/Continuum%20Modeling%20of%20Cell-Extracellular%20Environment%20Interaction_Edited%20Chp5.docx%23_Toc7444975
file:///C:/Users/Xuan-Laptop/Dropbox/Projects/PhD/5th%20year-Dissertation/Continuum%20Modeling%20of%20Cell-Extracellular%20Environment%20Interaction_Edited%20Chp5.docx%23_Toc7444975
file:///C:/Users/Xuan-Laptop/Dropbox/Projects/PhD/5th%20year-Dissertation/Continuum%20Modeling%20of%20Cell-Extracellular%20Environment%20Interaction_Edited%20Chp5.docx%23_Toc7444975

displacement at the edge, and hence aatumic increase dfer; Il. force concentration

stage for intermediate FAs in which force concentration takes place at the edges, hence, a
larger FA leads to a more localized force, as well as increased ECM deformation, at the
adhesion edge, eventuallysulting in a loweker; 11l. Saturation stage for very large FAs
where the distribution of integrin force at the adhesion edge becomes insensitive to the FA
size (when ECM is treated as a continuous medium), leading to a saturated \Jafue of
Notice hat the three regimes defined here are also indicated in (a) and (b), and all
displacements given here are measured at the right edge (i.e. XzL)...........oovvns 31

Figure 2-3 (a) Generic shape of the plaque recruitment flipaé a function of FA size,

from which two quantities of central interest, i.e. the critical size for nascent adhesions
develop into mature ones and the stable size for a fullgldped FA, can be identified.

is positive only when the plaque size is between these two values. (b) Higher actomyosin
pulling force is induced by a stiffer ECM/FA complex and/or a more rigid nucleus (top);
for a given surrounding environment and nacleroperty, the actin force will always reach

its maximum at an intermediate FA size (bottom). Influence of the size of FA on its growth
rate on fibrous (c) and continuous ECM (d) show that larger FAs will be formed on stiffer
ES10 | 015> = 34

Figure 2-4 Cells form larger adhesion structuressiiffer fibrous ECMs. Primary human
fibroblasts cultured within soft (a, top two panels), or stiff (a, bottom two panels) fibrous
ECMs (red), display increased length of integlabeled adhesion structures (green on left

and corresponding monochromaie right panels), while an elongated nucleus is shown
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in blue. Inserts show magnifications of digitally recognized adhesion structures (purple)
corresponding to the areas marked by the provided asterisks. Fiber length measurements
of adhesion structurése., FA) revealed a larger mean for cells cultured on-&(&M (b).
Analysis of the Elliptical (Ell) form factor is Shown in (C)u.......cevvvvviiveiiiiiceeeninnns 36

Figure 2-5 Nuclear stiffness influences maximum FA growth rate and stabée (ajz
Adhesion average size (b) and adhesions per cell (c) both increase for N1G knockdown
cells. Decoupling the actin pulling force and the deformable nucleus results in an increase
in both average adhesion size and number of FAs per cell. Me&EM, # p<0.05, **

P<0.01, N=710 CeIS/GrOUP .. ceeiieeee ettt e 38

Figure 2-6 Increased contractility results in larger stable FAs and a smaller FA nucleation
(012 1 11T SO PP PP PPPPRRTPPPPP 39

Figure 3-1 Snapshots ohie discrete fiber network contracted by a cell. (a) Distribution of
strain energy in the fibers. (b) Forces in the fibers oriented radially (tensile) and
circumferentially (COMPIESSIVE).....cccciiiii i 46

Figure 3-2 Coarse grained model for the mechanical response of the FAs. (a) Schematic
of a cell adhered to fibrous ECM. Cell contraction deforms the fibrous ECM through the
FAs. The FAs are formed at the periphery of the cell. Based on this observation, an axially
symmetric coarse grained model is purposed, in which FAs are treated as a band at the
periphery of the cell. (b) Schematic of the coarse grained model: Stress fibers connect the
FA band/plaque and the nucleus. The FA band/plaque is connected to ECMVhtaroug

integrin layer whose density is positively correlated with the fiber density underneath the
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cell. The ECM is treated as an elastic material. (c) Schematic of the mechanical model: the
deformation field induced by an actomyosin stresgplied at theoroximal edge of the

FA band/plague connected to the ECM via integrin layer. The FA plague and the ECM are
treated as elastic materials. The integrin layer is treated a thin elastic layer consisting of
5] 0111 1 49

Figure 3-3 Flowchart depicting the simulation steps, blue arrow indicates the-ted&ss
between cell contractility and ECM remodeling. (a) DFN simulations predict fiber density
(tr) as a function of cell contraction stress)(and fiber recruitment inde(¢). The
prediction about fiber density is implemented in the coarse grained FA model (b) to
estimate the effective FECM modulus Era), which is used to evaluate the level of the
contractile force () utilizing a chemomechanical feedback model tog aictomyosin
system (c). (d) Finally, all the insights are combined to study the evolution dynamics of FA
(in terms of its growth ratd and give its equilibrium Size..............ccooveviviecenrneenne, 54

Figure 3-4 Discrete fiber network simulation shows that crosslink breakage leads to fiber
recruitment. (a) Tensile forces generated by cellular contraction leads to the breakage of
the fiber crosslinks, which allows the cell to recruit more fibers. The fiber reemiimdex
increases when the cell contractile force increases and more crosslinks break. The red circle
denotes the outline of the cell. (b) Normalized fiber density as a function of cell contraction
for networks with crosslinks of different breaking stythrs. (c) The cell induces large
deformations to the soft network, while induced deformations are much smaller for the stiff

and welded soft network (stronger crosslinks). (d) Quantitative measurements verified that
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the welded soft network shows fiber neitment index as stiff networks, indicating that
strong crosslinks inhibit fiber recruitment. (c) and (d) are adapted from (96) with
permission from the Nature Publishing Group..............cccoovviiiieee e 56

Figure 3-5 Mechanosensing of the FA showspbiasic behavior with respect to the FA
size. (a) The effective stiffness of a FA as a function of its size and the ECM modulus. (b)
Normalized integrin force distriliion for FAs of different sizes witBecu  X® "Q0 .dFor

small FAs, integrin force is almost uniformly distributed. The force is concentrated at the
proximal edge as the FA becomes larger. (c) Influence of fiber recruitment index on the
effective stiffnssFA size profile withEecw  x® Q0 .(Fiber recruitment significantly
increases the effective stiffness of HEM complex. (d) Schematics for the influence of
fiber recruitment: higher fiber recruitment index indicates more crosslink breakage, leading
to more fibers and ligands, providing more integrins within the FA. Therefore, fiber
recruitment significantly increases the effective stiffness. (e) Generic shape of the FA
growth rate as a function of FA size, from which two quantities of central ihteessthe
nucleation size for the nascent adhesions to develop into mature ones, and the stable size
for a fully developed FA, can be identified. The value of FA growth rate is only positive
when FA size is between these tWo SIZES.........coooeevviiiiiieeeie e 60

Figure 3-6 Fiber recruitment promotes FA formation. (a) Stable FA band size plotted as a
function of the ECM modulus at three different fiber recruitmedices. With no fiber
recruitment and intermediate levels of fiber recruitment, FA size shows a positive

correlation with ECM modulus; at high levels of fiber recruitment, FA size shows-a non

Xvii



monotonic relation with respect to ECM modulus in an interntediange of ECM
modulus. The nomonotonicity becomes less significant by reducing the fiber recruitment
index. (b) Heat map of the stable FA band size as a function of the ECM modulus and the
fiber recruitment index. (c) FA formation of representatiielSICs seeded on
methacrylated dextran (DexMA) hydrogels of low and high stiffness, as well as on DexMA
fiber networks of low and high stiffness. Scale barsg, 50 Cell forms larger FAs on stiff
hydrogel and soft fiber networks, verified by quantitative sneement (d). (c) and (d) are
adapted from (96) with permission from the Nature Publishing Group................. 64

Figure 3-7 (a) Schematics of theDLFA-ECM model. The integrin force distribution is

very sensitive to FA size. For small FAs, integrin force is distributed almost uniformly;
regions where integrins are forfree appear when FA size is comparable ltg; 4he
leading edge carries the majgrof integrin force and the size of this highly loaded region

is a constant if FA size is much larger than. 4 large FA [ 4L¢) can be divided into two

parts based on the magnitude of the integrin force, the effective stiffnesses of the two parts
are siown respectively in (c). Notice that the horizontal axis in (c) starts frefhc. (a)

and (c) are adapted from Ref. (100) with permission from Cell Press. (b) Normalized
displacement field (with respect to the maximum displacement) for FA plaguand

ECM (us) for an FA of size 16.. Note the size of the region of displacement mismatch
between the FA plaque and the ECM is approximately @) At low ligand densities,

more active integrins are introduced as ligand density increases since the dbeacacter

length is large (e); at high ligand density, a part of the integrins becomes inactive and the
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inactive region becomes larger as ligand density increases since the characteristic length
decreases (e). (f) Normalized effective stiffness as a functibgand density for FAs of

0.1 um, indicating ligand density has a similarghasic influence on stiffness sensing as

FA SIZB e 68

Figure 3-8 FA size as a function of ligand density and ECM stiffness/modulus: (a) 1D
predictions; (D) 3D PrediCliONS. ..........uvuiiiiiie s creerr e errrnrr e e e e e eaaes 69

Figure 3-9 Ligand recruitment leads to nanonotonic behavior of FA size with stiffness.

On ECMs that the cells cannot remodel ((a), e.g. hydrogel and welded fibrous networks),
the contractile stress increases with the stiffness of the ECM, which makgewih more
favorable. As a result, FA size is positively correlated with the ECM modulus (c, e).
However, on ECMs that can be remodeled ((b), e.g.dms=d fibrous networks), cellular
contraction induces deformation of the ECM leading to recruitmefibers on softer

ECMs. In this case, when matrix mechanics are enhanced, cells sense matrix properties
that vary along a more complicated path in the ligand deB€ity stiffness space (d).
Therefore, a departure from the monotonic FAid£eM modulus rkation found in the

case of hydrogels is 0bServed (f)e....ccooooiiiii e 70

Figure 4-1 Computational model for tumor cell transmigration: (a) High resmiut
confocal zstack of a cancer cell (Lifea@FP, MDAMB-231, green) transmigrating
through an endothelial monolayer (PECAIMHUVECS, red) cultured on a collagen gel.

The nuclei were stained with Hoechst (blue). The white arrow indicatesrattin

protrusions at the leading edge of the cancer cell entering the ECM. The gray arrow

XiX
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indicates the front of the cancer cell nucleus squeezing through the endothelial gap. Scale
bar, 10 & m. ( b )-lapBeeimages sfeariliradlast (NIel 3Ti3)i erpeegsin
mCherryHistone4 (red) and GF&ctin (green) migrating through at3 -wide rigid
constriction in a 51 -t al | mi crofluidic device. Scal e
modeled as a permeable hyperelastic shell (representing NE) with magfilledd with

chromatin (modeled as a poroelastic material with moduwdsn d Poi ssonds r at
range ofr@ 1@ based on permeability). The parameters in the model are the shear
modulus for the endotheliunpd), the ECM (11) and the nucleuguf); nudear radius (),
endothelial gap sizguf) and the average length of the actin filamebfs The nuclear
stiffnesspn is mainly determined by the NE elasticjty= (ro/h)un, hs=0.1pn, Wwhere'Qis

the thickness of the shell. (d) The driving force fansmigration is generated by stress
dependent contraction of the actomyosin complex. The actomyosin activity is mediated by

a variety of biochemical processes, such as th&@GK and calcium mediated pathways

(see Supplementary Information for detail€) Schematic for the mechanical model of

active contractile stress generation. The actomyosin contraction is modeled by a spring in
parallel with an active contractile element, which ensures that stiffer ECMs will generate
larger CONracCtile SIrESSES.....uuuu i i eeee e e 79

Figure 4-2 Flowchart depicting the simulation SBp.........ccccceeeeeiiiiiiiieeeiee e 81

Figure 4-3 (a) Normalized resistance forde ) plotted as a function of the cell contraction

length during transmigration for timeicleus (black) as well as normalized contractile force

(Fu) at different feedback strength levels (blue and red). As the nucleus enters the

XX
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endothelial gap, the resistance force increases until the nucleus snaps through the gap,
leading to a drop in theesistance force (denoted by dashed lines in (a)). Blue is the
normalized contractile force from actin filaments at low feedback level, in which case, the
cell cannot transmigrate through the endothelium due to lack of driving force (upper panel
in (b)). Red is the case at critical feedback level, under which circumstance, the cell is able
to build up just enough driving force for transmigration and shows sndppmeh
behavior (lower panel in (b)). (b) Stress maps in the system: At weak feedbackthevels,
cell is unable to build up enough driving force for the nucleus to pass through (top panel).
At higher feedback level (critical level shown here), the cell is able to generate the critical
force required to snap through the endothelial layer. Cotalisate the normalized von
Mises stress (with respect to the nuclear shear modulus) in the system. Model parameters
arepn UL KPa, gt = e pkPa,rg= 0.5m, rc= 2.5m 0 pkPa,jo T kPa
¢& X 102 Pa. The critical contractility critical feedback strengths are determineddo be

Lo R S (O = VTR OURROTR 85
Figure 4-4 Influence of the endo#tial gap size rg) and ECM modulus ) on
transmigration: (a) As the gap size decreases (from right to left) the cell cannot transmigrate
through the smaller gaps because of the increase in critical resistance force. (b) As the ECM
stiffness decreases (from right to left) cells cannot tragrat@ since they cannot build up
sufficient contractile forces in soft ECMs. Colors in (a) and (b) indicate the stretches along
the direction of invasion. (c) Critical feedback strength as a function of the ECM modulus

and the endothelial gap size predictey the model. The dashed line denotes the phase

XXi



boundary for transmigration. On the rigind side of the phase bounddyf & X

and the cells can pass through the gap. The model predicts the physical i3

for successful transmigrat, corresponding to ~10% of the undeformed nuclear cross
section, in excellent agreement with previous measureni@nts(d) Cytosolic pressure
generated through cortical actomyosin contractility can promote transmigration.
Comparison between the critickeedback strength required for transmigration as a
function of the endothelial gap size with (red) and without (blue) accounting for pressure
exerted on the nucleus due to membrane tension. Model parametérs qré&Pa,}o

™ kPa] ¢& x 10°Pa,un L kPa,ue pkPa,u: 1@ kPain (a)rg= 0.5 in (b).

Figure 4-5 Resistance force (black) and contractibrce of the actin filaments (blue)
plotted as a function of the nuclear shear modulus. The contractile force of the actin
filaments increases with the nuclear modulus. Stiff nuclei are not able to extravasate due
to the lack of sufficiently large conttile forces. Model parameters are p kPa,}o

T® kPa,| c&8 10°Pal ¢& x 10°Pa,u: vkPau, p TkPa,rg=0.5m......91

Figure 4-6 Nuclear shapes, spatial distribution of volumetric strains and fluid content as
well as nuclear envelope deformation and rupture: (a) Snapshots of the nuclear shapes at
different stages of transmigration through a small rigid ggp@.25r,). (b) Nwclear shapes

in experiments of cell migration through constrictions in a microfluidic device. The nucleus

is labeled by mCherrfistone4 (red), the cytoplasm by GEEtin (green). Scale bar, 10

e m. (c) The nor mal i zseiVo) aswa tubtienaof nuclear pasitoe. ¢ h an
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The nucleus experiences large volumetric strains due to fluid expulsion when it passes
through smaller gaps. The model predicts up to ~24% decrease in nuclear volume during
transmigration for the smallest gag € 0.5r,). Also the effect of nuclear permeability on
volume change is shown. (d) The local volume change (dilatation) exhibits large spatial
variations within the nucleus. Contours show the normalized local volumetric strain for a
permeable nucleus passing through a gap sfrg= 0.7r, (red line in (c)), with blue
representing regions with large volume decrease. {glpime stretch just before the nucleus
exits the endothelial gap faig= 0.5rn (left) andrg= 0.25r, (right) (only the NE is shown).

The inplane strath of the NE is inhomogeneous, with the front and back of the lamina
being under tension (potential location of lamina rupture and bleb formation) while the side
of the nucleus in contact with the gap is under compression (potential locations for lamina
buckling). Black triangles indicate the gap center. (f) Representativeltips® images
showing NE rupture at the front of an HT1080 cell passing through a constriction. The NE
rupture was visualized by the spill of NdGFP (green) into the cytoplasm ance th
accumulation of the cytoplasmic DNA binding protein cGRBEP (red) at the site of
rupture at the NE. Scale bar, 40m. Mo d el parameters 0f r (a) ,
kPajo T kPal ¢& x 10°Papun UkPa, i vkPape p TkPa.............. 93

Figure 4-7 Nuclear strains during transmigration. (a, b) Graphical representation of spatial
distributions of strains in the nucleatdifferent stages of transmigration through large (a)
(rg= 0.5rn) and small (b) g = 0.25r,) rigid constrictions under either pushing (left) or

pulling (right) forces. (c) The experimental strain maps of lamin-dé€cient cells

XXili



(bottom) based on angulation between present dense chromatin foci (top). Scale bar, 10
em. Model par @akPalb emdkPaar €& x 10°Pa,un L kPa,

O TSP PP PPPPPPTPPPPPPRP 98

Figure 4-8 Impact of chromatin plasticity and lamina stiffness on nuclear shapes after
transmigration. (a, b) The nucleus changes its shape from a spheroidate phgpsoid
during transmigration when the plastic nuclear matter is considered. (a) Chromatin is
assumed to be ideally plastic, with no strain hardening after yielding. The-dtiass
response of the chromatin is shown in the bottom panel. (b) Nepeti&on Mises stresses
(measured relative to the yield stress))(of the nuclear matter during transmigration
through a rigid constriction for wiltype (left) and lamin A/&leficient (right) cells. Due

to the presences of stresses that exceed the sfiedss, the nucleus undergoes plastic
deformation leading to a permanent change in shape after exiting the constriction. Lamin
A/C deficient cells undergo larger irreversible shape change thartypitdcells. Model
parametersun U kPa, rqg = 0.4r. (C) Representative nuclear shapes during different
stages of transmigration for wilype (left) and lamin A/@leficient (right) cells indicating
larger irreversible nuclear shape change for lamin-dé@cient cells compared to wid

type controls, consistentith the simulations. The nucleus is labeled by H2Reon
(green). Scal.e..bar. 1.0 M ... 101
Figure 5-1 Description of the model: (a) Th&wsctural model consists of cells distributed

in a twodimensional Voronoi polygonal network with periodic boundary conditions.

Three essential subcellular components are included in the model: the nucleus (blue), the
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cytoplasm (light green) and the codi@ctin (dark green). (b) A layer of breakable springs
represents VEadherin bonds and connects the -cell boundaries. The contractile
behaviors of both cytoplasmic actin and cortical actin are modeled by a chemomechanical
feedback model which accouiiarr the molecular mechanisms are depicted in (c). (d) The
lifetime of a single VEcadherin bond as a function of applied force measured by
experiments and fitted by a catslip model. Cadherins present catch behavior under
forces smaller than the catelip transition forcdcs, while they show slip behavior at forces
larger tharfes By integrating the structural model and chemomechanical feedback model,
we achieved the intercellular force profile, which is further combined with the cadherin
binding dynanics to determine the intercellular binding state (e). The updated binding state
is fed back to the structural model to update the cellular contraction levels, which creates
a new binding state. The simulation stops after several iterations when no tioing
EVENLS Are ODSEIVEM. ... 117

Figure 5-2 Gap formation in endothelial cells and estimation of intercellular forces. (a) A
snapshot btHUVECSs cultured as a confluent monolayer on a thin collagen gel. Three states
of a typical triple cell junction (vertex): nucleation, growth and stabilization and healing.
(b) The frequency of rupture at vertices is higher compared to borders; (cyatierdof
disruption at the vertex and the border (right panel) are similar; meath,& p vz

0 18t u(d) Probability of observing gaps at vertices or at borders. (e) Intercellular force
map along the cekltell junctions of a representative cell showing the triple cell junctions

(vertex) bear significantly larger forces compared to two cell junctionsd€bo (f)
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Schematics of VEadherin bonds experiencing forces generated by identical levels of
contraction in all cells. At the triple cell junctions, significant intercellular forces are
generated due to the fAtug odectarthejuctibnse.{give en
Initiation sites of disruption for different levels of cytoplasmic contractile states. At low
contractility, the cadherins forces are in the catch regifhe f¢s), and junction disruption

initiates at the borders. At intermediatontractility (® fc), no junction disruptions are

nucleated. When contractility is high, the cadherin forces are in the slip ré@mé.4

and the junction disruption initiates at the VertiCes...........cccceeeiiiiiccceevvevnniinnenn. 122

Figure 53 Adaptive cellular contraction leads to maximudisruption where the

disruption stops growindga) Disruption evolution predicted by the model and observed by
experiments. Botkets of results show that disruptions nucleate at the vertices, grow along

the borders and then reachmaximized disruptiorstate. (b) Evolution profile of the
normalized contractility (averaged over all cells) and disrupted junction percentage. The
inseted figure shows the \Eadherin binding status thite maximum disruptiostate. Cell

contraction induces large forces at vertices, disruptingcaherin bonds. As the
disruption propagates, the actin network adjacent to the advancing disruptiondieainfe
effectively fAsoftenedd juncti on, which | es
chemomechanical feedback mechanisms involved..................ovviccciiiiieeiiiiinnnens 124

Figure 54 Comparison with experimentg¢a) Disrupted junction percentage of the
maximized disruption state at different RhoA activity levels (chemomechanical feedback

strength). Inserted figures show the -¢&dherin binding stus at maximized disruption
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state for different RhoA activity levels. Disrupted junction percentage first decreases,
reaches a bottom and then increases. This trend suggests that there is an optimum RhoA
level where disruption and gap formation can bevemeed. (b) For the maximized
disruption state, the average opening gap area per junction expands as RhoA activity
increases. (c) As the Vfeadherin density increases, disrupted junction percentage
increases at low RhoA activity level but decreases atRingiA activity level. (d) Influence

of RhoA activity and VEcadherin density on the percentage of disrupted junctions at
maximized diSTUPLION StALE........ccooeeeiiiiiiiii e e 126

Figure 55 A summary of how cell contractility regulates junction dynamics. Tensile
forces (arrows) from cortical and cytoplasmic actin are synthesized (dotted arrows) and
applied on the tricellular junctions, making the intercellulacdsrat these positions larger

than the bicellular junction. The V&adherin binding probability shows a biphasic
response to the intercellular force. When contractility is at low levels, the intercellular
forces are in the low range, and 3Bdherins havkigher chance to be disrupted when the
forces are small (catch bond behavior). Therefore, the disruption nucleates at the bicellular
junction. For the maximized disruption state, higherdégherin density results in smaller
forces on VEcadherin bond, leing to more disruption. When the contractility is at
intermediate levels, the intercellular forces are in the middle range where the cadherin
binding probability is high, and no disruption is observed. In comparison, for high
contractility, the intercelliar forces are in the high range, and cadherins are ruptured when

the forces are large (slip bond behavior). Hence, the disruption nucleates at the tricellular
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junction. For the maximized disruption state, higher-d&gherin density leads to less

[0 1S {97 o] (o o U PPUURT 131
Figure Al1-1 Schematics of FA on an ECM fiber............coovvviiiie e 140
Figure A1-2 (a) A computational model built in COMSOL. (b) A representative simulation

result showing the deformati of the plague with the mesh size used (blue) and a denser
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Chapter 1 Introduction

1.1 Introduction

1.1.1 Crosstalkbetweenthe cell andextracellularenvironment

To performfunctions such agroliferation (1), differentiation(2) and locomotion (3),

living cellsestablish stable attachments to the extracellular matrix (ECM) via the formation
of specialized receptor mediated contact foci. Among all adhesion structures perhaps the
best known are focal adhesions (FAghjch is anolecular structureomposed of a derse
population of structural and signaling proteins as shownguare 1-1. Furthermore, FAS
display directional growth paralleto an externally applied load4). Numerous

observations also indicate that cells form larger (and more) FAs on stiffer substnatdks a
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Figure 1-1 Schematics for focal adhesioifa) Focal adhesions are consisted of mul
proteins (integrins, vinculins, paxilins, talins, and so on) and serve as signali
producing biochemical signals (adapted frétef(184). (b) Actomyosin contracti
forces are essential for the stabilization of FAs. Adapted fron{13&f).



as develop highentracellular traction forcebi 9). Lots of efforts, both experimental and

theoretical, were made to probe the-&lIM interactions.

As reported in the literatuf@0), the FA structure is well established. A typical FA consists

of following parts: a layer of transmembrane receptors, known as integrin, which connect
ECM and adhesion plaque formed by vinculin and other plaqueipsoThe FA is usually
connected to the cell nucleus or another FA by the actin stress fiber, which generates
contractile force and is sensitive to mechanical properties of raiorwonmen{11). The

schematic of the full picture is shownkigure 1-2.

‘ Nucleus

- FA

. — Actin stress
fl ber

Integrin o, FAK  Paxillin Talin  Vinculin ~ Zyxin VASP  a-Actinin Actin

Figure 1-2 Structure of focal adhesionBAs locate at the cell periphery are linke
nucleus or other FAs through actin stress fibersid=& multilayer protein complex .

shown in the enlarged figure on the I&eprint fom Ref(10) with permission

1.1.2 Freeenergybasednodeling ofcell contractility

The tensile forces applied by the actomyosin sfibess on the FA can stabilize the whole
structure as well as trigger a variety of biochemical events as shovigure 1-3. One

example is the conformational changewiatulin and p130Cas that expose binding sites
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of Srcfamily kinases (SFKs)12, 13) SFKs act on Rh&TPases by controlling the
activity of guanine nucleotide exchange factors (GEFs) and GTPase activating proteins
(GAPs). Increased activity dRho promotes phosphorylation of myosin phosphatase
targeting protein (MYPT) and, ultimately, dowagulates motor unbinding from the stress
fiber (14). Meanwhile, the appearance of contractile forces can also trigdefliGainto

the cytoplasm which facilitates the bindinfy myosin motors to the cytoskeletdnb).
Clearly, these observations show positive feedback between cell contractility and the
growth of FAs. To capture such mechar@emical coupling in a simple manner, we

proceed by expressing the contractile stregd@is,, 0 - where- andvu represent
the strain and passive stiffness of stress fibers Whilerresponds to the density of force
dipoles (representing myosin motors) in the contracting filaments. The contractility itself

depends on the meanochemical coupling discussed above (i.e. the positive feedback)

and can be writte(iL6) as,

- (1-1)

with ” @ being the baséne contractility of cells in the absence of external
stress/constraints, andl representing mecharthemical coupling parameters reflecting
the molecular mechanisms that regulate the stiependent signaling gavays and
engagement of motors respectively and satisfy the crit€t@®rhatt | It p . From

Eq. (1-1), it is clearthat higher contractile stresses will be generated for larger feedback
parameter values, i.e. wherP .- stands for the cellular strain and can be calculated

with anappropriate constitutive model for the ECMs.
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The onedimensional model can be generalized to obtain contractile stress iR three

dimensional environments. Similar to its 1D version, the cell contractility is modeled by

considering the contributions from both active cadtile (myosin motors) and passive

(cytoskeleton) components. The contractile styess related to the by

(1-2)
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Figure 1-3 The actomyosin activity in the cell is mediated by mecharamical processe¢

such as the reRROCK and calcium mediated pathways. Figure is adapted(f&6n



Here- and, are the volumetric components of the strain and stress tensors respectively,
- % is the deviatoric components of the straimand‘ denote the bulk modulus and shear

modulus of the passive componerits. is the motor density and can be exprdsae

. T4 (1-3)

Here” is the motor density] andl denote mechanohemical coupling parameters
(with the criteriont | 7 p) regulaing stressdependent signaling pathways and

engagement of motors respectively

1.1.3 Modeling of Extracellular Matrix (ECM)

As mentioned earlier, cells sense the mechanical properties of the extracellular
environments and therefore modulate their contractility through biophysical and

biochemical pathways. On the other hand, the deformations induced by cells remodel the
ECM, paticularly for those fibrous ECMs. This remodeling behavior further leads to

changes in the mechanical properties of the ECM, which will alter cellular mechanosensing
and trigger associated signaling activities. Obviously, to understand the cell behaviors
associated with mechanosensing, it is very important to have a state of art model that can

capture the intrinsic features of the ECMs.



Abhilash et al proposed a fibrous network model that captures fiber realignment,
heterogeneous deformationand longrange force transmission, which are observed
experimentally (17). With the insight from the fiber level simulation, Waret al
established a constitutive model for fibrous material from an erisaggd approactis).

Both wellbehaved models are able to capture the important features of fibrous ECMs such
as strain stiffening ankdbng-rangeforce transmission. The displacermépld induced by

a single breast cancer cell (as showrFigure 1-4a) was replicated perfectly with the
application of the fibrous modefFigure 1-4b). Obviously, predictions frorthetraditional
nonlinear elastic model and linear elastic model are way deviated from the experimental

results as shown iRigure 1-4a.

b
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Figure 1-4 (a) Singlecell traction force measurements. Each arrowicetds th
displacement of a fluorescent bead bonded to a collagen fiber in the vicinity of the ¢
cell is rendered in magenta. (b) Bead displacements withiruan 3adius region along tl
cell ds major axis are plétbsed magort lae
predicted displacement field from fibrous nonlinear model (red), nonlinear elastic
(black) and linear elastic model (blue). Figures are adapted(fr8@)
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1.1.4 Transendotheliahigration ofcells

While themetastatic disease is widely recognized to be responsible for the vast majority of
the mortality due to canc€t9, 20) our understanding of the various steps of metastasis
remains incomplete. Part of the reason for this is that we lack appropriate models, either
in vivo orin vitro, to probe these steps in detail while maintaining tight control of the local
environment. These essential procegstesnor cell (TC) dissemination from a primary
tumor, intravasation into the circulation, extravasation at a remote site, afwhization

T are inherently complex, involving 3D environments with multiple interacting cell types.
Here we focus on one of these critical steps, TC extravasation across the endothelial
monolayeras shown irFigure 1-5. The existing paradigm is that circulating TCs adhere

to or become trapped in the vasculature of various organs, actively transmigrate into the
surrounding tissue and over time, establish metastatic turidnge the ratdimiting step

in this process is not known, two critical stages are the adhesion to and transmigration

across the vascular endothelium.

While we know relatively little about the details of extravasation, reicevitro studies

have elicidated a process beginning with tumor cell arrest in the microcirculation and the
formation of protrusions that reach across the endothelial monolayer, accompanied by
polarization of tumor cell actin and activation of bétategrins to generate firm hésions

(21, 22) This is rapidly followed by actomyosin contraction to generate the forces needed

to pull the remaining cell bodycross the monolayer. Similarly, during invasion into tissues,



tumor cells use actomyosin activity to squeeze through tight interstitial §g83e3uring
these processes, the cell size, rheological properties and the geometric parameters
associated with the extracellular environment dictate the naxate at which the cell can
transmigrate and change its sh&pé, 25) The rucleus beingthe largestind the stiffest
organelle within thesell, is a physical caostraint to migration and may beratelimiting
factor for cellular deformations during cell migration throughdi®ensional (3D)
constrictionsthat are smaller or comparable to the nuclear cross s€2t0a8). On the
othe hand, since the nuclelmuses the genetic machinarf/the cell, changes in the
nuclear morphology and positioning within the cytoplasm dutimg migration can
influence the phenotypic profile of the c€¢#9, 30) For instance, it has been recently
shown that in additioto the ability of cells to dramatically squeeze their nuclei to pass

through smallconstrictions cells utilize components of the ESCRT (endosomal sorting

Blood Vessel

Aim 1: Force =
Interactions

Aim 2: Adhesions

PECM Vessel lumen ECM

Aim 3: Nuclez
Mechanics

Structure

Nucleus, Cell membrane
tracker, Tumor cell

Figure 1-5 The cancer cell must deform to sobclear sizes to cross the endothelial
of the blood vessel. On the hig an MDAMB-231-GFP cancer cell is shown extravase

into the tissue from the lumen of a microvascular network in thr@rio microfluidic assay
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complexes required for transportjachinery to repair the concomitant damage to their

nuclear envelope (NE) and DNA that occur during confined migré&ibn32)

1.2 The gaals of this thesis

The main goal of this thesis is to usenodeling approach to understand the cttafis
betweerthecell and extracellulaenvironment and explain the cell behavioresponse to
multiple mechanical stimuliThis thesis is focused dhe biological phenomenorat two
different scales: focal adhes evolution (subcellular level) and cell deformation during
transmigration (cellular level). Different physical and biological problems, inclidncg
transmission througtthe cell-ECM interface, impact on cell behavior induced by the
nonlinear mechanal behavior of the fibrous materials and morphology of nucleus during
cell transendothelial migration are studiddhe specific objective of each chapter is as
follows,

1.2.1 Modeling of focal adhesion size regulated by ECM and nuclear rigidity.

Focal adhesiofFA) is a multilayer transmembrane protein complex that connects cell and

ECM. The mechanical response of focal adhesion depends on its structural organization

and physical quantities such as the clossn k 6 s mechani c al propert
integrins), density and the ECM mechanical properties. One computationally efficient
approach to assessing the performance of aualitilayer structurés the sheatag model

(SLM), which focuses on the transfer of tensile stress ftbenmatrix to fibers via

interfacial stresseg@3). Given that FA primarily experiences tensile load, the SLM may



be a useful tool in predicting its mechaaliproperties. Having an analytical model that
can predict the dependence of these parameters can obviate the negubiigive 3D
simulation and also provide physical insights into the role of different load bearing
componentsOn the other handhe formation and function of FAs aregulated bycell

cytoskeleton contraction, which is tuned by the stiffness sensed thiFdu@li 9, 34)

In Chapter 2, the SLM is incorporated to determine the effective stiffness of FA as a
function of the material properties such as ECM stiffness, and the geometry properties such
as FA size. Furthermore, thpredictions from SLM is combined with a simple force
dependent growth behavior to predict the favorable FA size under diffayitities of

nucleus and ECM

1.2.2 Predictingregqulation of FAformation bycell-mediatediberrecruitment irfibrous

ECMs
The structure organization of the fibers in the ECM plays a crucial role in determining the
mechanical properties of tissues. The interaction between fibrous ECM and cells depend
on the mechanical and microstructural properties of the matrix such as nggadity (35),
fiber alignment(36i 38), interfibrillar pore sizg39) and density of cell adhesive ligands
(40). Fibers in the ECM are aligned randomly in the absence of external forces. During
uniaxial stretching of the matrix, at a tensile strain below a critical threshold (typically ~

5%), the matafifxi nsehoo wdse diogrthratahte bemding anchdiding of
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the fibers are the dominant contributors to the mechanical response of the matrix. Beyond

the critical strain, the fibers become aligned with the direction of the maximal principal
stretch (17, 18) With increased loading, the fibrous matrix exhibits strong nonlinear
behavior, becomes consi der asbtliyf faelniogiomend t(haen

of the maximum principal straif17, 18)

Many cells reside withirthreedimensional (3D) fibrous scaffold& vitro where the
density and diameter of fibers can vary dependinthemature of the tissé1i 43). The

local achitecture of these fibrous networks may change significantly when cells exert
forceson them leading to phenomena such as 4iarar stiffening, reorientation and
physicalremodeling of the ECM17, 18) To understand cell behavieuch as spreading,
migration and proliferationn vitro, these no#inear behaviors need to laken into

consideration

In Chapter 3, we extend the 1IFA model to a multiscale 3D version to study the FA
evolution in fibrous matrices. Specifically, we take the insights from both discrete and
continuous modeling of fibrous matricgls7, 18)and build a coarsgrained model for the
fiborous ECM to include the local architecture (ligand density) change due to cell
contraction. Our model explains how edtiven fiber recruitment can lead to a departure
from the monotonic stiffness versus cqiteading relationship observed in conventional

hydrogels.
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1.2.3 Modeling nuclear morphologgndstresses duringell transendotheliainigration

Metastasiss one of thecritical, and possibly ratBmiting, steps in the process by which
cancer spreads to metiatic sites from a primary tum@44, 45) During these processe

the cell size, rheological properties and the geometric parameters associated with the
extracellular environment dictate the maximal rate at which the cell can transmigrate and
change its shap@4, 25) The nucleus beingthe largesand the stiffesbrganelle within
thecell, is a physical constraint to migration and may batelimiting factor for cellular
deformations during cell migration throughdBnensiona (3D) constrictionsthat are

smaller or comparable to the nuclear cross se¢#6i28).

Due to the large strain sustained during transmigration, the nuclear envelope (NE),
consisted of the inner and outer nuclear membranes, nuclear pore complex namtetre
lamina, is undetthe high chance of rupture. Loss of NE integrity and nuclear pore
selectivity have been linked to the normal aging process and a variety of human diseases,
including cancer(46). Experimentally, Denais et al found that breast adenocarcinoma
cancer cells (MDAMIB-231) experience localized loss of NE integrity mainly at the front
end (32). The NE rupture is later accompanieg protrusion of chromatin through the

nuclear laminaKigure 1-6a) and DNA damage.
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Figure 1-6 Nuclear confinement causes chromatin herniation and NE rupture. (a) I
confinement during transmigration, as encountered in extracellular matrix, extray
and interstitial spaces,dding to membrane bleb and NE rupture. (b) In cells cultur
rigid substrates, contractile actin fibers spanning the nucleus compress the nucleus
chromatin herniation and NE rupture. (inset) Sequence of events leading to NE
upon nucleaconfinement. (c) Side views of untreated cells (left) and cells in whict
organization/contractility or LINC complex function are disrupted (right). In norme
culture conditions (top), actin or LINC complex disruption releases nuclear confit
and prevents NE rupture. When external confinement is applied through a com
device (bottom), cells exhibit NE rupture regardless of treatment. Figures are adap
(187).
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In Chapter 4, to reveal the tumor transmigration/invasion process, we developed a model
with essential components including nucleus, actin system (modeled by the acthaekeed
model), ECM and endothelium layérhe model predicts how nuclear shape and strain
depend on geometric and biophysical parameters, which are crucial to determine the ability
of cancer cells to invade and move through the surrounding matrix. By tin@mgodel
parameters, our simulations can be adapted to understand cell transmigration for other cells
and matrix systems, such as the extravasation of immune cells into tissues at sites of

infection.

1.2.4 Modeling endothelial junctional gap formation

Intracdlular mechanical propertieare influencedoy the mechanical and biochemical
features of the local cellular microenvironmei7, 48) Mechanics of the
microenvironment has been showninfluenceforce generation and stiffness of cancer
cells, howeverit is not clear how the cells dynamically modulate the properties of the
microenvironment during the process of invasion. The dynamics of endothehaéltell
junctions are crucial for the barrier furmn of the endothelium and play amportantrole

in the coordinated processes of intravasation and extravasation of cancer cells. However,
chememechanics of endothelial junctional dynamics has notbgein fully explored

through an integrated computational and experimental approach.
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In Chapter 5, we present a chemomechanical model to study the endothelial junctional
integrity with a focus on the roles of cell contractility, the density of-¥d&tiherins and

their binding dynamicsWe identify a feedback loop involving stredspendent cell
contractility and the effective stiffness of the junctions which plays a critadal in
determining the dynamics and size of endothelial gaps. When the impact of unbinding and
rebinding of VEcadherins is considered, the model successfully reproduces the three
typical phases observed in our experiments that characterize endothiéljahcion
dynamics, namely, nucleation of gaps, grgwdind stabilization, and healingSmall
GTPases (such as RhoA and Racl) have different rallesrnmaintenancand stabilization

of the endothelial barrigid9). Our model shows how RhoActivity level presents a bi
phasic impact on junction disruption and gap formation. By considering theatitierin
density, we predict a phase diagram for junction disruption as a function of RhoA activity
level and VEcadherin densityOur work providesa quantitative framework to study
endothelial junction integrity and vascular permeability during extravasation and

inflammation.

Finally, for the completeness of this thesis, some additional theoretical and experimental

details will be provided in thaPPENDIX.
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Chapter 2 Modeling of Focal Adhesion Size Regulated by ECM and

Nuclear Rigidity

Reprinted (adapted) with permission fr@ao, X, Y. Lin, T.P. Driscoll, J. FranecBarraza,
E. Cukierman, R.L. Mauck, and V.B. Shenoy. 2015. A Chemomechanical Model of Matrix
and Nuclear Rigidity Regulation of Focal Adhesion Size. Biophys. J.1B0& 1817.

Synopsis
In this chapter a chememechanical model describing the growth dynamics ofroalirix
adhesion structures (i.e. focal adhesions (FASs)) is developed. We show that there are three
regimes for FA evolution depending on their size. Sjwadly, nascent adhesions with
initial lengths below a critical value that are yet to engage in actin fibers will dissolve,
whereas bigger ones will grow into mature FAs with a steady state size. In adhesions where
growth surpasses the steady state simassembly will occur until their sizes are reduced
back to the equilibrium state. This interesting finding arises from the factttibat
polymerization of adhesion proteins is fodependent. Under actomyosin contraction,
individual integrin bonds witm small FAs (i.e. nascent adhesions or focal complexes)
must transmit higher loads while the phenomenon of stress concentration occurs at the edge
of large adhesion patches. As such, the effective stiffness of HieORM\complex that is
either too small otoo large will be relatively low, resulting in a limited actomyosin pulling
force developed at the edge that is insufficient to prevent disassembly. Furthermore, it is
found that a stiffer ECM and/or nucleus, as well as a stronger ehgaloanical feedbéc

will induce larger adhesions along with a higher level of contraction force. Interestingly,
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switching the extracellular side from an elastic {splce, corresponding to some widely
used in vitro gel substrates, to a 1D fiber (as in the case of cel®r@ng to a fibrous
scaffold in vivo) does not qualitative change these conclusions. Our model predictions are
in good agreement with a variety of experimental observations obtained in this study as
well as those reported in the literature. Furthermtbie,new model provides a framework

in which to understand how both intracellular and extracellular perturbations lead to

changes in adhesion structure number and size.

2.1 Introduction

To performfunctions such agroliferation (1), differentiation(2) and locomotion (3),

living cellsestablish stable attachments to the extracellular matrix (ECM) via the formation
of specialized receptor mediated contact foci. Among all adiesioctures perhaps the
best known are focal adhesions (FAsith a molecular structureomposed of a diverse
population of structural and signaling proteif®ughly speakingindividual integrin
receptorsresponsible for forming molecular bonds betw&&€M ligands and intracellular
adhesion proteingye laterally rasnforced by a layer/complex of proteimeluding vinculin
paxillin, and talin(l0)k nown as @At he adhesometislayernf an fa
protensis then connected to the cytoskeleton/nuclefithe cellvia stress fibers (SFs),
composed ofactin filaments and myosin motork addition to physically linking the

cytoskeletorto theECM, FAs also serveas signaling hubfor cells to receive infor@tion
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from their microenvironment and hence are believed to play key roles in processes such as

development{50, 51) tumorigenesigs2, 53)and wound healinb4).

Interestingly, besides biochecal factors, accumulating evidence has demonstrated that
the formation and function of FAs are tightly regulated by mechanical(du@s34) For
example, it has been shown that forces generated by actomyosin contaaetessential

for the stabilization of FA$34). Furthermore, FAslisplay directionagrowth parallel to
anexternally applied loa¢4). Numerous observations also indicate that cells form larger
(and more}As on stiffer substrates as well as develop higheaagtlular traction forces

(51 9). Variousattempts have been madetheoreticallyexplain the forcenduced growth

of FAs via thermodynamic argumer(65) or by examining the anisotropic stress/strain
field generated in the adhesion pla¢b@, 57) The lifetime/stability of adhesitructures

(i.e., clustery hasalso beenanalyzed byconsidering the neaoniform load distribution
among molecular bonds as well as their faroedulated associatidgissociation kinetics

(58 60). Recentlythe question of how ECM rigidity affects integrin dynamics in celts ha
been examined by several studies which suggest that a compliant substrate will generally
impair integrin clustering61, 62)and lead to oscillatory traction forces along with a slow

retrograde flow of Factin(63, 64)

Despite these aforementionetforts, several impoant issues remain unsettlderst of

all, in most existing models, the size of the adhesion plaque is often taken as a constant
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(56 60) or is not included in the formulatig5, 63, 64)In reality, itis conceivable that

small adhesion patches can be nucleated and, depending on factossitikaitsize and

the stimuli received, a nascent structure (i.e., focal complex) can either grow into a mature
adhesion (i.e., FA) or totally dissol{65, 66) Although several attempts (29, 30) have
been made to explain the nucleation, grqwaiid decay of FAs from a physicsipt of

view, it appears that a theoretical framework capable of describing the evolution of
adhesion plaques, predicting their steathte size, and quantifying how the process is
regulated by the mechanical signals received by cells is still lacRingn that the size of

FAs is believed to significantly affect processes like cell migrat®n) and actin
recruitmentpolymerization(68), this issue should be of great fundamental and practical
interest.In addition, the question of whether (and hoeells will anchor themselves

di fferently on a dAfl ato surface, indfiorkuse synt |
in vivo-like scaffold has attracted increasing attention experimer{@&9ly70) However, it

seens thatvery few modeling efforts have beenspentto address this important issue.
Finally, recent observatiorsdso suggested that the physical propertigh®tell nucleus

(5, 6)can influence the size afihesion plaques (i.€=As) and intracellular tension levels,

but, to the best of our knowledge, no theoretical explanation has been provided.

To address theseoncepts we developed a chenmechanical model to describe the
growth dynamics of adhesion plaques where imporeatufes such as the actomyosin

feedback and nucleus deformability have all been taken into account. In particular, we
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show that pulling forces large enoughinducefurther assembly of adhesion proteins can
only be developed at the edge of a plaque whesize is within an intermediate range,
reflecting the fact that integrin bonds within smraiscenfocal complexesnust transmit
higher loads while the phenomenon of stress concentration will take place at the edge of
large adhesion patchése., stalizing as FAs) In addition,the model predicts that both
nuclear and ECM rigidities tightly regulate the equilibrium length of fully developed FAs
with a stiffer surrounding environment or nucleus leading to larger adhpkqgues
coupled with a highantracellular traction force. Interestingly, switching the extracellular
side from an elastic haffpace(i.e., as many in vitro substrate/gel®) a 1D fiber
(simulatingin vivo mesenchymal fibrous microenvironments) doeslead to qualitative
changesd these conclusions. Connections between our model predictions and various

experimental observations will also be discussed.

2.2 Methods

2.2.1 Mechanical response of the system

In light of the fact that a FA (consisting of individual integrins that bind to the B6#§
to an intracellular layer/complex of reinforcing actin binding proteins) is connected to the
cell nucleus via the actomyosin stress fidldg(re 2-1a), a structural mdel as shown in
Figure 2-1b is adopted here to describe the response of this ECM/FA (including adaptor
adhesome proteingctomyosinNucleus assembly. For simplicity, the FEACM complex

is treated as a spring (green boxigure 2-1b) with effective stiffness depending on the
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FA size and mechanical properties of the ECM, as will be illusttated In addition, a
contractile element in parallel with a linear spring (blue bokigure 2-1a) is used to
represent myosin motors in the elastic actin stress filp@nslly, the cell nucleus is

modeled as another spring to reflect its deformability.

At this point, it is necessary to differentiate two types of extracellular environments a cell

can sense (on its ventral side). For the case of cells anchoring thesnselr scaffold

composed of fibers, such as collagen fibrils with diameters of the order of hundreds of
nanometerg§71, 72)that is comparable to the size of FAs, it is reasonable to treat the ECM

as an elastic fibefHgure 2-1c), given that the entire adhesion structure (i.e., 3D matrix
adhesion) will likely be formed on a single fil{&B). On the other hand, for many synthetic
substrags (such as PDMS and PAA) with low porosity, the anchoring distance between
ECM proteins coated on the surface to indtleeformation of ceHECM adhesion are
generally small . I n this case, the celll ma
but rather as a continuous mediufgure 2-1d). We proceed by considering both of these

cases in this study.

If the adhesion plaque is treated as an elastic fiber of leingtionnected to the ECM via
a series of equally spaced springs representing the integrin bonds formed, then the force

generated in the substrate)(and the plaqué () can be expressed &s QQ'M TQ ®

and!  QQQ TQ qrespectively, wheré) ando (or’Q ando ) are respectively the
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stiffness and displacement of the ECM (or the adhesion plaque). Equilibrium requires that

[ and’ must be related to the integrin clutch fofceghrough

S R N

y 2-1
Q TR Q 00 ) (2-1)

with 'Q being the spacing between integrins. Since each integrin bond is modeled as a
spring,/ takes the simple form

F® Q6 o 060 (2-2)
where'Q is the effective spring constant of the clutblote that, possible slidingduced
friction between the adhesion plaque and the ECM has been neglected here for simplicity.
It was widely reported that integrin binding can occur within sec@d3, 64) which is
much faster than the assemble of proteins in the FA (taking minutes to cofigite
Therefore, in this study, it is assumed that assembly of the adhesion plaque is-the rate
limiting step and that new integrin bonds will be rapidly formed as the adhesion plaque
grows. On the other hand, once formee, ititegrirECM bonds are treated as permanent
unless disassembly of plague proteins takes place at the corresponding site for the given

time frame. With the help of Eq.-@), Eqg. (21) can finally be simplified to

o Qo
TOQ-—— Qo o

Qo
2.
e, Q0 . (3)
U’QQ’_:‘ Qo 0

We proceed by assuming that the ECM is fixed at one end and free at the othenyi.e.
mand® TQ @ 1t (refer toFigure 2-1c), while the plaque is pulled by the actomyosin
force "Q on the side proximal and remains tractiefree at the other, that is
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foXoXo Jy (oF) Qand ™ TQ @ 1t (refer to Appendix Al for a detailed

discussion on the boundary conditianSplutions of Eq.4-3), satisfying all themposed

boundaryconditions can be obtainedsa

Ce QD S L x

"0 — Q— Wi QWER—— Q& —

I’y QQ Q Q v 0

’p N - .0

(3 o0 O Quw D+ lemﬁ— (2 4)

rr, . jO.) 7 ® T s 76 T R o 0 [ @

20 0 ————— Q— Wi~ QWER—— Q&

:: NQQ 0 0 0 0 0

'r D ool 0orm

w N0 0 0 0

wherel is a characteristic length defined by
50 Q0 (2-5)
) ——— N
QQ Q

This expression gives a lengghale below which force is more or lesgenly shared by
the integrins within the plaque, while beyaihis lengththe load will only be transmitted

to integrin bonds within a distance)~from the adhesion edge.

Given that the pullindorce™Qis acting at theend of the adhesion plaquéhe effective

stiffness of the FA/ECM complex can be defined as

Q QR (2-6)
with 6 being the displacement of the plaquevat 0, that is,

N0 Q

0 Al C-)UE
Q 0

0 6 w 0

(2-7)

o 10

0 R )}
— CAOAE
V] U
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If, on the other hand, the ECMtigated as a continuous medi@iRigure 2-1d), then the
Greenbds funct i -plane(75pcan bausedéolretate the irtegrin allitdh force
to the substrate displacemérgfer toAppendix Al). The govering equations in this case

become

(2-8)

whereO and’ ar e t he el ast i c sratio (takdn tosbe @5nsthce fhost s s o n
biological materials are known to be incompressible) of the EGVhce closedorm

solutions for the elastic fields cannot be derived in this case, numerical techniques are
employed to obtain the relationship betwé@iithat is, the pulling forcacting on FA) and

0 (i.e. the substrate displacement at the location where the force is appliedllows

us to estimate the apparent stiffness of the’®A,, defined in Eq. (&). Specifically, in

this study, mmerical simulations were carried out using the fieleement package
COMSOL where an elastic fiber (representing the adhesion plaque) was pulled at one end

on a large elastic substrate, with springs connecting them (réfpptndix A1l for details).

Finally, to determin¢he magnitude oX), recall that the actomyosin network is represented
by a contractile element in parallelttvia linear springHigure 2-1b). Using mechanical
force balance shown figure 2-1b, wehave

M Q Q6 6 1Q (2-9)
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where"Qstands for the base level contractile force generated by myosin motors (assumed
to be functioning at the stall stat&p, represents the stiffness of stress fiber and the
feedback parameter Ttis introduced here to account for the possibility that more stress
fibers can be formed (leading to a higher contraction force) as FA méléjeSince the
nucleus is simplified as a spring (wia spring constan® ), its displacement under

actomyosin contraction is
0 — (2-10)

Combining Egs. (B), (2-9) and (210), the pulling force generated by actomyosin can be
obtained as,

Q

Q Q 2-11
p f o O (>-11)
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Note that the pulling force increases with increasing faeklopparameter and with
increasing nuclear stiffness and the effective stiffness of the adhesion plaque, which in turn

depends on its length and the stiffness of the ECM.

a Nucleus
Actomyosin

Focal Adhesion

I keff

L ————

FA&ECM

Figure 2-1 (a) Schematiaepresentation othe cell-to-ECM adhesioa (b) Structura
modelof the ECM/FAActomyosinNucleus assembly. Two types of ECM are consic
in this study: a 1D elastic fiber (c) ardcontinuous elastic medium (d), in whig
indicates integrin spacing and adhesion plaque is assumed to consist of the units

protein complex (green block) and integrin (red spring).
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2.2.2 Growth dynamics of the adhesion plaque

With the elastic fields within the FA at handie can now consider its growth via
recruitment of additional adhesion proteins (e.g vinculin, talin, paxillin) into the plaque.
To simplify the analysis, we proceed by assuming that protein recruitment/disassembly can
only take place at the ends of thague as suggested in other mod&& and progresses
in a quasiequilibrium manner. In addition, we express the chemical potential difference of
a segment of protein (with lengfh) assembled into the plaque and in tiosol as
3 ¢3t 3% (2-12
where3{ is the chemical potential change in the absence of mechanical load (factor 2
comes from the fact that the plague can grow at either end}%nads the mechanical
contribution(55), that takes the form
3% Q0 (2-13)
consistent with experimental observatidiig) that tensile force promotes FA assembly
and stabilizabn. Following the classical theory of linear kinetic relatidhe plaque
recruitment fluxv (i.e. the FA growth rate) can be relatedtoas
VIO < (2-13)
whereOis a constant describing the kinetics of protein asseniblgieady state, the

plague will possess a constant size and hencex
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The values of parameters adopted in this study along with their sources are lisbtein
2-1. In addition, the physical meanings of allthe other variables in our model are also

gathered imable 2-2.

Table 2-1 List of parameters used in the model.

Model . Typical
Parametel Description \>l§|ue Source
. Typical modulus of hydrogels
O Substrate modulus ~1~50 kPa used as ECM69, 74)
) ~1.100 Estimated collagen fiber
Q Substrate stiffness oN/nm stiffness from experimerf1,
72, 78)
Esimated from Fisher et al.,
o) Integrin stiffness 5 pN/nm 1999, of the order of pN/nm
(79)
Estimated from Fisher et al.
Ko) Plaque stiffness 1 pN/nm 1999, of the order of pN/nm
(79)
Q Integrin spacing ~100 nm H. Kessler, e(t88|) 2006, 108 n
. Actin pulling force G. Oster et al. 2003200 pN
Q without feedback ~100 pN 81)
. o T. Yanagida et al., 1994, 43.7
Q Actin stiffness ~50 pN/nm 65.3 pN/NM(82)
i Feedback coefficient 0-1 Free parameter
Estimated fronthe
Q Nuclear stiffness 10-50 pN/nm| experiment, of the order of
pN/nm (83, 84)
The energy barrier for
o protein recruitment | 10-250°Q"y | FromA. Nicolas, et a(56)
without mechanical load
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Table 2-2 Variables and their physical meaning.

Model Variables Physical meaning
I Force in the substrate (ECM)

Force in the FA plaque

0 Characteristic length for force transmission
Q The dfective stiffness of the FACM complex
0 FA plague displacement

0 Substrate (ECM) displacement
0
0

Q

FA displacement at the proximal end
Nuclear displacement
Contractileforce generated by actin
The temical potential difference of adding one
protein complex segment to the FA plaque
0 FA plague recruitment flux

2.3 Results

2.3.1 The stiffness a cell senses increases first and then decreases as FA grows in size.

A quantity of key interest is the effective stiffnes®( ) of FA-ECM complex, which
physically represents the apparent mechanical stiffness of the extracellular environment
that a cell senses. This parameter is plotte&figure 2-2a and Figure 2-3 both as a
function of FA size at different ECM rigidities, with the extracellular portion of the
adresion treated as either an elastic fiber or a continuouspatfe. Interestingly, in both
cases,Q reaches a maximum at a certaitermediate FA size. The major difference
between the two descriptions is that this quantity will undergo monafecieases as the

size of the FA further increases if ECM is modeled as a 1D fiber. Conversely, when the
ECM is treated as a continuous medilfn, will eventually reach a saturation value as

the FA becomes very largEBigure 2-2b). We must point out that the overall trends of our
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predictions will not change if contractile force is taken to be distributed uniformly over the

adhesion, instead of only acting at the rightge (refer to thé\ppendix Al).

To better understand this key observation, the force distribution among integrin bonds,
connecting the adhesion plaque to the elasticdpate (i.e. the ECM) was examined. As
shown inFigure 2-2c, integrins carry the load evenly for small FAs. The load carried by
each integrin decreases as more integrins get engaged and the FA becomes larger, which
results in a smaller deformation of both integrins and the ECM. For tlgs, $t&e’Q

increases as the FA growdn the other hand, force concentration at the edge occurs in
large FAs. That is, the integrin bonds at the proximal tip will be subjected to a
disproportionally large force, and as FA grows the force becomes tnorentrated.

Higher localized load distributions induce larger substrate deformations at the distal tip,
which leads to a lower stiffness of the FA. These observations explain why a maximum

value of Q is achieved when the adhesion size is at tmimediate level. Furthermore,

Figure 2-2c demonstrates that the load distribution near the edge of an even larger FA
actually becomes insensitive to its size (with intenmegrin clutches carrying basically

zero load), which corresponds to the saturation vall@ ofobserved irFigure 2-2b. The
monotonic decrease & (after reaching its peak) shown Figure 2-2a is caused by

the fact that as the adhesion structure grows, the effective length of the engaged ECM fiber

is also increasig (seeAppendix Al for a detailed discussion). Nevertheless, the value of
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Q remains finite even when the FA size is extremely large (e.g. when L = 16efen,
to Figure AL1).
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Figure 2-2 The dfective stiffness o FAas a function of its size and ECM stiffness which

in (a) is treated as an elastic fiber and in (b) is modeled as an elastic mediumdtshezt

lines indicate the three distinct regimes based on distribution of integrin forces (c): I. equal
sharing stage for small FAs where integrins share the load evenly. A larger FA in this
region will lead to lower force on each integrin, resulting deereased integrin and ECM
displacement at the edge, and hence a monotonic increlige lbf force concentration

stage for intermediate FAs in which force concentration takes place at the edges, hence, a

larger FA leads to a more localized force, adl a® increased ECM deformation, at the
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adhesion edge, eventually resulting in a loter 11l. Saturation stage for very large FAs
where the distribution of integrin force at the adhesion edge becomes insensitive to the FA
size (when ECM is treated aantinuousmedium), leading to a saturated valuekgf

Notice that the three regimes defined here are also indicated in (a) and (b), and all

displacements given here are measured at the right edge (i.e. x=L).

2.3.2 FA plaque recruitment is divided into tereegimes by two important sizes:

nucleation size and stable size.

The generic shape of the plaque recruitment flux J, as a function of FA size, is given in
Figure 2-3a. Animmediate observation from this prediction is that the value of J is positive
only wheno 0 0 whered stands for the stable size of the plaque whilecan

be understood as the critical size a nascent plaque must overcome in ortdgat® i
elongation (i.e., minimum nucleation size). The plague dynamics can be divided into three
regimes as depicted Figure 2-3a. Newly nucleated FAs with sizes smaller thian will
dissemble and eventually disappear (i.e., as described for unstable nascent focal complexes
(85)). In comparison, a small FA will increase in size towards a stabigh once it passes

this critical value. Larger FAs)( 0 ), on the other handyrepredictedto shrink until

they reach thetable sizeFigure 2-3c shows howhe ECM (a 1D fiber) rigidity influences

the growth rate of FAQQur modelsuggest that the stablstructure/plaqusize increases
monotonically as thexternal environmenbecomes stitfr, in agreement with recent
experimeral observationg6), while the critical size decreases, indicating more adhesions
would form onthe stiffer environment.n addition, Figure 2-3c also showsthat the

adhesion plaque can grdaster (i.e. withalarger J) on a stiffer ECNbr large FAsNotice
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that, due to random factors like variations in the surface topology and chemistry of the
ECM, the sizes of FAs in reality will not be uniform but are expected to be distributed

around thestable value predicted here.

This interesting finding can be understood by examining the intracellular tension levels
predicted by the model under each configuratids illustrated in Eq(2-11), larger
contractile forces will develop when cells senssiffier environmentwith this stiffness

input originatingeitherfrom a more rigid nucleus or a stiffer FA/ECM compldsigure

2-3b, top). Consequently, our model preditiiat there exists an optimum size for FA to
induce maximum intracellular traction fordeidure 2-3b, bottom), corresponding to the
peak value olQ shown inFigure 2-2a and Figure 2-2b. Given thatQis the driving

force for plague groti (refer to E. (2-12to 2-14)), this explains why the recruitment flux

J will be large for FAs with intermediate sizes as well as wisyghantity increasewith

higherECM or nuclear rigidity Figure 2-3a, Figure 2-3c andFigure 2-3d).

It must be pointed out that similar growth réatsize relationship for FAs (as illustrated in
Figure 2-3a), as well as the conclusion that more and larger adhesitiri®e induced by

stiffer substrates, has also been obtained by Walcott andid@rs(86). However, unlike

the present study, the ECM was essentially treated as an array of uncoupled springs,
capable of binding to integrins, in their model and the actin force was assumed to be applied

in the vertical direction. Furthermore, their model predittat the rate of adhesion
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growth/decay will be ECM' stiffness independent, in direct contrast to our results.
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Figure 2-3 (a) Generic shape of the plaque recruitment fljpaé a function of FA size,

from which two quantities of central interest, i.e. the critical size for nascent adhesions
develop into mature ones and the stable size for a fully developed FA, can be identified.
is positive only when the plague size is between these two values g{®rHictomyosin
pulling force is induced by a stiffer ECM/FA complex and/or a more rigid nucleus (top);
for a given surrounding environment and nuclear property, the actin force will always reach
its maximum at an intermediate FA size (bottom). Influeri¢bensize of FA on its growth

rate on fibrous (c) and continuous ECM (d) show that larger FAs will be formed on stiffer

substrates.
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2.3.3 Cells attached to stiffer cetlerived fiborous ECM substrates bultthger FAs

To validate the predicted increase in@sibn structure size, we utilized well characterized
in-vivo mimetic celtderived fibrous ECMg73, 87) In this system, the physiologic
difference between the cells producing the ECM result in fibrous ECM of different stiffness
(88). Isogenic human fibroblasts were used to produce the relatively softiirtfeiCMs

and cells that had produced the soft ECMs were cultured overnight on both fibrous
substrates. As predicted, results revedhledformation of larger (45.87%42<0.0001)
adhesion structures formed by cells cultured into the relatively di@@&is compared to

the length of the structures formed by the same cells cultured within the softer ECM
(Figure 2-4a andFigure 2-4b). Specifically, the stable FA size predicted by our model
will decrease from 5.25 em to 3.5 e€m when
kPa, which is in good agreement with our observations here @®e two values were
measur ed t o be around 5.1 em amuclei 3. 5
shape/deformability was observed in response to stiffening of the ECM (2 to 5 kPa in soft
vs 5 to 15 kPa in stiff which simulate many normal vs tumoral microemviemtsin vivo

(88). Cells showed increased elliptical (18.82240.0005) nuclear shape within a stiffer
ECM (Figure 2-4a andFigure 2-4c). As the model suggests that more adhesions will form
on stiffer ECMs (as verified by data shownkigure 2-4b), we expect that the force

exerted on the nuclei will be larger on stiffer ECMs, leading to a more pronounced shape
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change of the nuclei which is consistent with éxperimendl findings and show in

Figure 2-4c.
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Figure 2-4 Cells form Iarger adhesion structures on stiffer fibrous BAMimary huma
fibroblasts cultured within soft (a, top two panels), or stiff (a, bottom two panels) 1
ECMs (red), display increased length of integlabeled adhesion structures (green ot
and corresponding monochromatic on right panels), while an elongated nucleus i
in blue. Inserts show magnifications of digitally recognized adhesion structures (
corresponding to the areas markediee provided asterisks. Fiber length measurer
of adhesion structures (i.e., FA) revealed a larger mean for cells cultured daGhff(b)

Analysis of the Elliptical (Ell) form factor is shown in (c).
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2.3.4 Cells with stiffer nuclei have a lower barrier for FA formation and assemble larger

FAs
Our modelalso predictsa dependence of FA size on nuclear stiffndss has bee
illustrated by several publications, some FAs are linked to basilar stress fibers, while others
connect with the nucley89). Those that interact with the nucleus, a stiff, but deformable
object in the cell, are likely influenced by the structural and mechanical propdrties
organelle. As shown iRigure 2-5a, cells that have a stiffer nucleus would be predicted
to have a smaller critical FA recruitment size, meaning that the energetic barrier to FA
formation would be lower. Similarly, the model predicts that a stiffer nucleus would also
lead to a larger stadFA size. It is known that the nucleus is physically connected to stress
fibers via the LINC complex (Linker of Nucleoskeleton and Cytoskeleton). One specific
LINC complex component that is known to regulate force transfer to the nucleus is nesprin
1 giart (N1G) (90). To simulate the effect of decreased nuclear connectivity to the
cytoskeleton (as would occur with nesprin 1 giantdkamwn), the nucleus was removed
from the model altogetheFigure 2-5a, N1G). Under these circumstancédse model

predicts an increase in stable focal adhesion size earéabke in nucleation size.

To confirm these model predicted results experimentally, and to determine the influence
of the nucleus on FA size, nuclear connectivity to the cytoskeleton was eliminated via
knockdown of N1G. Consistent with the model prédit, knockdown of N1G resulted in

a significant increase in both the average skgufe 2-5b) and an average number
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(Figure 2-5¢) of FAs in each cell. Essentially, knockdown of N1G in this context is

comparable toeplacing the deformable nucleus in our model with a rigid body.
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Figure 2-5 Nuclear stiffness influences maximum FA growth rate and stib&e (a)
Adhesion average size (b) and adhesions per cell (c) both increase for N1G knc
cells. Decoupling the actin pulling force and the deformable nucleus results in an |
in both average adhesion size and number of FAs per cell. Me&iEM/ # p<0.05, *

p<0.01, n=710 cells/group.
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2.3.5 Increased contractility leads to a small drop in the FA nucleation barrier and a

significant increase in stable FA size.

It is well-documented that cell contractilitis essential forthe formation of FAs,
independent of ECM stiffness. Our mogeédcts thatfor cells with a lower actin pulling
force (i.e. weaker contractilityjhe nucleation barrigior FAs will be largerwhile their
steadystate size will become smallefFigure 2-6). Our previous experimental
observationg88) show that FA sizes for Cavl knockout mouse embryonic fibroblasts
(contractility reduced cells) are sigiadintly smaller than wild type fibroblasts, which is

consistent with our model predictions.
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Figure 2-6 Increased contractilityesults in largestableFAs and a smaller FA nucleati

barrier.

2.4 Conclusions
In this study, we developedcaemaemechanical model to predict the growth of adhesion

plaques, a process strongly influenced by the assembly of adipesteins as well as the
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stress builelp in the plaque itself (induced by actomyosin contractions). Main findings

obtained here are summarized as follows:

1 FA recruitment is dividedhto three regimes by two quantities of key interest, i.e.

1

the stable sizand the critical size. Nascent FAs smaller than a critical size dissolve,
while bigger ones grow to a mature state, whose size is limited by the stable size.
Meanwhile, FAs that are too large disassemble until their sizes reduce to the stable
size. Usingealistic parameter values, these two sizes (length along FA long axis)
were predicted to be ~0.G2mand~2¢ m, r e s foreNdH 3T¥ fibriobjasts
cultured on a PAA gel substrate wélshear modulus of 16 kPa, in agreement with
experimentg74).

We quantitatively demonstrated how the aforementioned staidlenucleation

sizes are influenced by the incorporation dynamics of adhesion proteins as well as
the deformability of the substrate, the nucleus and the plaque itself. In particular,
we found that a stiffer substrate will lead to bigger plagues. Iniadditith
increasing substrate rigiditynore adhesions are predicted to form as a result of the
diminishing nucleation size. These predictions are consistent with our experimental
results (as shown iRigure 2-4a, Figure 2-4b, and Figure 2-4c) and other existing
results intheliterature(5, 7) As for nucleus stiffness, similar effects were found,
where a stiffer nucleus led to a larger FA stable size and a smaller critical size.
Again, this conclusion is verified by oakperiments as shown kigure 2-5.

Interestingly, the model also predicts that the growth of the plaque is significantly
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influenced by contractility (See supporting matgri&pecifically, high levels of
contractility will lead to bigger plaqueswhich is in agreement with previous
observations(88). Additionally, more adhesions are expecteith increasing
contractility, due tothe decreasing nucleation siZEhese predictions compare
favorably with the findings that low contractility leads to decreased vinculin
recruitment(91).

To make these predictions/findings transparent, the influence of key parameters on the

formation of FAs is gathered ifable 4-1.

Table 4-1 Influence of key parameters on the characteristics of FAs. Theiglusneans
the corresponding characteristic is increasing with the increase of the parameter and vice

versa for the minus sign.

Characteristics of Key parameters

FAs

0 --FA critical size | Q --ECM stiffness ( ), 'Q --nucleus stiffness ( ), "Q--
cortractility ( )

0 --FA stable size | Q--ECM stiffness ( ), 'Q --nucleus stiffness ( ), "Q--
contractility ( )

Number of FA "Q --ECM stiffness (), 'Q --nucleus stiffness ( ), "Q--
contractility ( )
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Chapter 3 Predicting Regulation of FA Formation by Cellmediated Fiber
Recruitment in Fibrous ECMs

Reprinted (adapted) with permission fra@ao, X, E. Ban, B.M. Baker, Y. Lin, J.A.
Burdick, C.S. Chen, and V.B. Shenoy. 2017. Multiscale model predicts increasatg foc
adhesion size with decreasing stiffness in fibrous matrices. Proc. Natl. Acad. Sci. U. S. A.
114: EA549E4555.

Synopsis
We describe anultiscale model that incorporates force dependent mechanical plasticity
induced by intefiber crosslinks breakage astffness dependent cellular contractility to
predict focal adhesion (FA) growth and mechanosernisifiprous extracellular matrices
(ECM). The model predicts that FA size depends on both the stiffness of ECM and the
density of ligands available to foraghesions. While these two quantities are independent
in commonly used hydrogels, contractile cells break crosslinks infisosus matrices
leading to recruitment of fibers, which increases the ligand density in the vicinity of cells.
Consequently, whilehe size of focal adhesions increases with ECM stiffness iR non
fibrous and elastic hydrogelte plasticity of fibrous networkteads to a departure from
the welldescribed positive correlation between stiffness and FA size. We predict a phase
diagram hat describethe nonrmonotonic behavior of FA in the space spanned by ECM
stiffness and recruitment index, which describes the ability of cells to break crosslinks and

recruit fibers. The predicted decrease in FA size with increasing ECM stiffness is in
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excellent agreement with recent observations of cell spreadinglextrospun fiber
networks with tunable crosslink strengths and mechanics. Our model provides a framework

to analyze cell mechanosensing in Himear and inelastic ECMs.

3.1 Introduction

Focal adhesiongFA) are large macromolecular assemblies through which mechanical
force and regulatory signals are transmitted between the extracellular matrix (ECM) and
cells. FAs play important roles in many cellular behaviors, including proliferation,
differentiation and locomotion, and pathological processes like tumorigenesis and wound
healing(47, 52, 54, 92)For this reason, intenséforts have been devoted to understanding
how key signaling molecules and ECM characteristics influence the formation and growth
of FAs. In particular,in vitro studies using elastic hydrogels have shown that forces
generated by actomyosin contractior &ssential for the stabilization of FA%, 93)
Numerous observations have convincingly demonstrated that cells form larger FAs as well
as develop higher intracellular traction forces on stiffer EGK|s68) evidencing the
mechanosensitive nature of FAs which has been quantitatively modeled using different

(continuum, coarsgrain and molecular) approach@4, 95)

It must be pointed out thahiall of the aforementioned investigations, the substrates
consideredvere flat (2D) and linear elastic. Howevar,vivo, many cells reside within

threedimensional (3D) fibrous scaffolds where the density and diameter of fibers can vary
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depending orthe nature of the tissu@li 43). The local architecture of these fibrous
networks may change significantly when cells exert foorethem leading to phenomena
such as notlinear stiffening, reorientation amhysicalremodeling of the ECM17, 18)
Interestingly ourrecent studyn cells in synthetiibrousmatriceswith tunable mechanics
and usedefined architecture showed that iresing fiber stiffness suppressgseading
in contrast to hydrogels where increastdffnessalwayspromotes cell spreadin(96).
Other recent studies have foutidht the spreadingof cells cultured on softiscoelastic
substrates that exhibit stress relaxation is greatertti@seon elastic substrates of the
same modulus, but similar to that of cells spreading on stiffer elastic subt&ghile
these studies demonstrateleardeparture from the wetlescribed relationship between
material stiffness and sgadingestablished wittelastichydrogel surfaces, a quantitative
descriptionof how cells are able tphysicalremodel matricegn order to mature FAs
which in turn can lead to greater spreading is currently lacking. In particular, models that
connect E®I structure (ie.fiber propertiessuch assize and stiffness the strength of
crosslinks) with cell adhesion formation and spreading can guie development of
materialsto engineer theellularresponss, as well as to better understand the eltrix

interactions in physiologically relevant states

Here, we propose a multiscale chemechanical model to describe the evolution of FAs
in crosslinked fibrous networks that resemble native ECMs. Specifically, possible breakage

of crosslinks in the fibrousetwork is considered, which allows contractile cells to recruit
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fibers and increase the density of ligands available for the formation of adhesions. By
combining the mechanics of fiber recruitment with stress dependent growth kinetics of FA
plaques, we edict a phase diagram for the stable size of focal adhesions as a function of
the ECM stiffness and a new parameter we introduce, namely the recruitment index of the
ECM that characterizelsow easily fibers can be recruited by the contractile cells. Our
model explains how cellriven fiber recruitment can lead to a departure from the

monotonic stiffness versus cell spreading relationship observed in hydrogels.

3.2 Methods

In order to understand the influence of adilven fiber recruitment on the formatiofi o

FAs, we developed a multiscale chemechanical model. Specifically, the correlation
between fiber density (which then determines the density of ligand/integrin bonds
comprising FAs) and cell contractility is first obtained using discrete fiber netwdéik
simulations. The mechanical response of theEB&#M complex to actomyosin contractile
forces is then determined by developing a coegraéed model, where discrete FAs are
homogenized and treated as an adhesion band along the rim of the cell. Bygcthepl
stiffness dependence of the actin contractile force and the stress dependent kinetics of
adding new adhesion plaque units, the growth dynamics of the FA band and its equilibrium
size are evaluated. The details of each of the elements of the medkdsaribed in the

following sections.
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3.2.1 A discrete fiber network model for the ECM

Following our earlier work on active biopolymer netwofks, 18) 2D fiber networks
representingelectrospun matrices wexeated with randomly organized linear elastic
fibers andbreakablecrosslinks.The fber propertiesusal in our DFN simulations were
based on recerthe experiments on electrogp methacrylated ektran (96) scaffolds.
Specifically, individual fibers were modeled as beams having circtdassections with
Youngos, nboodiuslssandradiiof t48@MPa,d®.3 and..8um, respectively. The
initial configuration was created byndomly placing discretBbers in a2D plane and
crosslinkingthe fibers that are closer than a thresha@lile New fibers were added until
the experimentally observed network pore size was reach&dcircular void was
introduced in the middle to represent the contractile cell which applies a ulyiform
distributedand radially directed force to the networan the periphery of the holEigure

3-1). During the simulation, the force applied at the cell periphery was raised incrementally

6
|
Faxiar (NN)

UStrain (nN.Hm)

Figure 3-1 Snapshots of the discrete fiber network contracted by a cell. (a) Distribt
strain energy in the fibergb) Forces in the fibers oriented radially (tensile)
circumferentially (compressive).
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while the network displacement was fixatdthe outer boundaries, far from the hole. The
crosslinks were checked at each loading increment and removed if the transmitted strain
energy exceeded a threshold value. This allowed for the detachments of fibers from their
initial positions and densifation towards the cell area. Fiber recruitment was quantified

as the number of fibers that were pulled into the cell area.

3.2.2 Coarse grained model for the mechanical response of the FAs

It is well known that FAs, which consief clusters ofintegrirs that bind to the ECM and

to an intracellulaplagueof reinforcing actin binding proteingre connectedo the cell
nucleus via acmyosin stress fiber Furthermore, such assemblies are mostly distributed

at the cell periphery74, 98)as shown irFigure 3-2a. Based on these observations, we
proceed by adopting an axially symmetric coarse grained computational model where we
represent the focal adhesions as a band @utidthi ) along the rim of a circular cell
(Figure 3-2a). The discrete FAs are not considered here, but we adopt a homogenized
description where the total area of the adhesions is predicted based on the effective width
of the band. The FA band is treatedaaselastic plaque representing the stiffness of the

constituent mol ec ul'@ pconhestedtdthe E@Mitiraughsan amayd u | u

of integrins (modeled as springs with stiffné@swhose density%.) is assumed to be
proportional to the ber density%0) underneath the cell. While more complicated models

with strain dependent detachment rates can be used for integrins, recent experiments have

shown that a simple description (i.e. treating the integrin as a linear spring) can capture the
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response of integrins sufficiently since the timescale for integrin binding dynamics (ie. a
few secondg94, 99) is much shorter than that for FA growth (ie. a few minyfs). In
addition, the proximal end of the band is connected to the cell nucleus through stress fibers

(Figure 3-2b) that generate contractile forces.

Increa®s in the density of ECM fiber%{) underneath a cell can occur as the contractile
forces break the crosslinks in the ECM and recruit fibers, which will further influence the
integrinrECM bond density%o, for simplicity, we assume th2#  %o). Specifically, our
discrete fiber network (DFN) simulations show that the fiber den®iy ihcreases with

the applied force (once it exceeds a threshold value) before saturating at large levels of

force. To capture this behavidéy is phenomenologically related to the contractile stress
(») as,

%0 pﬁ ” ” 3 1
% p U!Q‘l :c:gzn ” F] ” ” ( ] )

Here %o is the initial fiber density , corresponds to the threshold stress for fiber
recruitment Qi Sfands for the error ftion ande (recruitment index) is a measure of the

ease with which fibers can be recruited. Physically, large valuecafrespond to the

cases where crosslinks are weak (i.e. can be broken easily) and therefore more fibers will

be recruited by the de Interestingly, as we show belofedcion 6 Cr ossl i nk br e

enables | igand r ecr uEqg (3B oaptures the dssetial teatlses n et w
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springs.
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of crosslink failure and fiber recruitment observed in our DFN sinarati With this
description in hand, we can then use our coarse grained model to address the outstanding
issue of how cellular contraction influences the formation of FAs (via remodeling the ECM)
within a continuum frameworkihe limitations of applying Eq. () to the 1D model for

FA growth are discussed Appendix A2.

When the actomyosin system applies a streatsthe proximal edge of the FA band/plaque
(as shown irFigure 3-2c), the FAECM system deforms in response, leading to spatially
varying elastic fields. To determine thigess and strain distributions, we implemented the
coarse grained model shown Kigure 3-2b, together with the phenomenological
description for fiber recruitment (Eq. -@), in the finite element method package
(COMSOL 5.1).The effective modulus of the FECM complex (i.e. the modulus sensed

by the cell througlan ative contraction) can be expressed as,

O — O O h R (3-2)

where- is the radial strain of the plaque at the proximal edge, which depends on the
stiffness of the ECM, the size of the adhesion plaque as well as the degree of fiber
recruitment. Note that since the contractile stress depends on the effective dfffness

the mechanical deformation of tR&-ECM complex has to be obtained in agmlfisistent

mannerdue to chemanechanical feedbadigure 3-3c).
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3.2.3 Model for stresslependent growth of the FA band

Given that integrin binding/unbinding occurs within secof8ds 99)while the assembly
of proteins in the FA takes several minufés), the growth of FAshould primarily depend
on how fast adhesion proteins are added/removed from the plaque. Furthermore, as
suggested by experiments, we proceed by assuming that protein recruitment/disassembly
can only take place at the edge of the FA pla@&d. Finally, the driving force fothe
growth of the plaque is assumed to be the chemical potential difference between plaque
units recruited to the plaque atitbse in the cytosol. In particular, the work done by the
contractile stress as the new units are recruited is expected to facilitate their incorporation
in the plaqud€77). Following this line of reasoning, we express the free energy difference
for a segment of the plaque (with staéand radial angl€ —-as shown irFigure 3-3d as:

wOo i 1 Q—3 M I Q— (3-3)
where'Qis the thickness of the FA plaque amd (with unitf& ) represents the free
energy gained per unit area for growing the plaque. The first term corresponds to the
mechanical work performed by the actomyosin fibers when a new plague unit is
incorporated. Whemo Ois negative in the presence of sufficientlygaractomyosin
contractile force, FA growth becomes energetically favorable. The total plague recruitment
flux v (i.e. the FA growth rate) can then be related {@as,

, , w0, . WL
0 0O —Q—¢* 0, —/— M i (3-4)
3 3

whereQis a constant describing the kinetics of plaque assembly. In steadyostatg,

the stress generated by the actomyosin system must satisfy, 3‘ ¥3i. Next we
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discuss how the laws for plaque incorporation (Egt)j3actomyosin force generatiand

effective modulus (Eq. €3)) can be combined to predict the stable size of FA plaques.

3.2.4 Putting it all together: prediction of stable FA size basedthenmechanical

response

The ratelimiting step in the growth of the FAs is the arporation of new plaque units, a
process influenced by the stress lamehe plaque exerted by the actomyosin network. The
contractility of the network, in turrdepends on theffective stiffnessof the adhesion
complex determined by the size of thaque, the stiffness of the ECM and the density of
integrin links between the ECM and the plaque. For ECMs that can be remodeled by cells,
the integrin densityis expected to be proportional the density of fibers that can be
recruited by the cells as théreak the crosslinks, which is controlled by the contractile
force. Thus, predicting the growth kinetics and size of focal adhessmpsresus to
consider the twavay crosstalk between matrix reorganization and cell contractility. This
is achieved bydopting the following multiscale procedsare
1. Using discrete fiber network simulations, the density of crosslinks that are broken
and hence the density of the recruited fib&s),(as well aghe integrin density
increase that occurs in the procem®determined for a given level of contractile

force (Figure 3-1).
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2. Based on the integribonddensity, determine theffective stiffnes§T ) of the
adhesion complex as a function of the plaque $iz¢ &nd ECM stiffness/modulus
(O ) froma marse grained moddFigure 3-2b andFigure 3-2¢).

3. Usingeffective stiffness% ) from step 2, evaluate the level of the contractile force
() utilizing a chememechanical feedback model for the actomyosin system
previously develope(Figure 3-3c).

4. Combining insights from-B, with the knowledge of the contractile force, study the
evolution dynamics of FAin terms of its growth ratg) as well as itequilibrium

size(Figure 3-3d).

It must be pointed out that tiieedback betweegtep 1 and 3i(e. actin contractile stress
induces change in integrin denswile, in return, a higher integiECM bond density
could vary the effective stiffness of FAs and eventuaéydeneration of contractile strgss

was carried out seltonsistentlyin the above procedures illustrated irFigure 3-3.
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Figure 3-3 Flowchart depicting the simulation steps, blue arrow indicates the-ted&
between cell contractility and ECM remodeling) DFN simulations predict fiber dens
(1) as a function of cell contraction stress) (and fber recruitmenindex (£). The
prediction about fiber density is implemented in the coarse grained FA model
estimate the effective FECM modulus Era’ ), which is used to evaluate the level of
contractile force () utilizing a chemomechanicdéedback model for the actomyc
system (c). (d) Finally, all the insights are combined to study the evolution dynamic

(in terms of its growth raté) and give its equilibrium size.

3.3 Results

3.3.1 Crosslink breakage enables ligand recruitment in fionatrworks
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Our DFN simulations showed that the fiber strains decay gradually away from the
periphery of the cell where contractile forces are appkeglite 3-1a). Furthermore, fibers
oriented in the radial direction are stretched while strains in the fibers aligned
circumferentially were predominantly compressivéigire 3-1b). As the level of
contractile force increases, the compressed fibers buckle while the crosslinks between the
radial fibers could undergo higher stretching. Rupture of crosslinks takes places once the
forces the crosslinks transmitted exceed a critical level, eventually allowing the fibers to
be pulled into the cell area. As expected, significant fiber recruitment (to the circular region
shown inFigure 3-1) was observed in networks with weak crosslirfkgre 3-4a) that

could rupture easily, while no recruitment was observed when the §be wer e Awel d
together, in agreement with experimental observatieigsi(e 3-4c andFigure 3-4d). The

density of fibers (underneath the cell) under different levels of contractile stresses and
crosslink strength are shown kigure 3-4b. Interestingly,anincrease in the density of
recruited fibers with force can be well fitted by the phenomenological relationshi@-Eq. (

1), that is characterized by two parameters, namelffliberecruitment indexg() and the
threshold stress for the crosslinks to ruptyrg.(We found that ECM stiffness indeed had

a significant impact on fiber recruitment. Specifically, the cell recruits significantly less
fibers on stiffer ECMs as shaowin Figure 3-4c andFigure 3-4d, a phenomenon that is

well captured by our motle
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Figure 3-4 Discrete fiber network simulation shows that crosslink breakage leads to fiber
recruitment. (a) Tensile forces generated by cellular contraction leads to the breakage of
the fiber crosslinks, which allows the cell to recruit more fibers. The fiber reemiitmdex
increases when the cell contractile force increases and more crosslinks break. The red circle
denotes the outline of the cell. (b) Normalized fiber density as a function of cell contraction
for networks with crosslinks of different breaking stythrs. (c) The cell induces large
deformations to the soft network, while induced deformations are much smaller for the stiff
and welded soft network (stronger crosslinks). (d) Quantitative measurements verified that
the welded soft network shows fiber neitment index as stiff networks, indicating that
strong crosslinks inhibit fiber recruitment. (c) and (d) are adapted f{@6h with

permission from the Nature Publishing Group.
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3.3.2 Nonuniform stress in the FA leads tofiliasic stiffness seadby the actomyosin

system

A guantity of key interest is the effective stiffne€¥ () of the FAECM conplex, which
physically represents the apparent mechanical modulus of the dxieacehvironment

that a cell senses through the FA. This quantity is determined using the coarse grained
model and plotted as a function of the FA sizEigure 3-5a andFigure 3-5c for different

values of the ECM moduli@ ) and fiber recruitment indexe ) respectively.
Interestingly, in both case€§f is small when the FA band size is either very large or very
small butreaches a maximum at a certain intermediate FA band size. To understand this
bi-phasic behavior, the force distribution in tmegrin layer is first examined in the
absence of fiber recruitment. As showrFigure 3-5b, the force transmitted to the ECM

is distributed almost uniformly over all tirgegrins for small FAs (solid blue curve), while

the load distribution becomes highly noniform for large FAs, with the proximal edge
carrying the majority of the transmitted force (solid magentae). This is known as the

0s hleag 6 (23] Where the stresses unevenly distributed in the connecting layer
(integrin layer) due to the difference in the deformation of the connected elements (the FA
plague and the ECM). The namiform distribution of force in the integrin layer becomes
significant above a critical size of the FA, namely the stiagiength(33). This length is
determined by the stiffnesses of the FA plaque, integrins and ECM, as well as the density
of integrins.Hence, for FAs that are smaller than this characteristictbigégad is almost

evenly shared by the integrins, their growth results in bringing more active (i.e. load
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bearing) integrins and leads to a monotonic increa&® ofin contrast, for larger FAs
(much larger than the sheéag length), the load is caentrated in a limited region at the
proximal edge, only inactive (i.e. those carrying no load) integrins are introduced as they
grow. The effective stiffness of this inactive part correlates negatively to its size, while the
response of the active pastiot sensitive to how large the adhesion plaque is. Hehce,

decreases for large FAs as they grow.

When recruitment of fiber due tbebreaking of the crosslinks is considered, the effective
stiffness of the FAECM complex'Q’ ) increases sigjficantly compared to the case where
fiber recruitment is not possibl&igure 3-5c). For ECMs of the same modulus, higher
fiber recruitment index (largér) means more crosslinks can break for the same level of
applied load (as shown igure 3-5d, top panel). As a result, the cell can recruit more
fibers and form more integiBECM bonds (as shown Figure 3-5d, bottom pane|which
contributes to additional stiffness and ultimately leads to the overall increase of effective

stiffness 0 ).

3.3.3 The growth model predicts a nucleation size and stable size of FAs that depends on

the ECM stiffness and the level fadber recruitment

As demonstrated both experimentally and theoreti¢dll®3, 100) FA growth is largely
determined by the level of actomyosin stress, which is sensitive to the efiiftiess of

the FAECM complex O ) as described by the twway mechanahemical feedback
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(Figure 3-3c). Since this effective stiffness depends on the FA dtigufe 3-5a and
Figure 3-5c), the ECM modulus and the fiber recruitment index, theserpdeas in turn
influence how fast the FAs grow. The generic behavior of the FA plaque recruitment flux
0(FA growth rate) as a function of FA size predicted by our model is showigime

3-5e. An immediate observation is that the value) f positive only whem i

i ,wherel stands for the nucleation size. A nascent FA must be larger than this size in
order to grow, while@ is the stable sizfor the FA. The FA growth can then be divided
into three regimes as depictedrigure 3-5e: newly nucleated FAs with sizes smaller than

i will disassemble and eventlatlisappear; in comparison, FAs that are larger than

will increase in size towards a stable size)( very large FAsi( 1 ), on the other

hand, are predicted to shrink until they reach back to the stable size (

This normonotonic growth rat€A size relation can be understood by examining the
intracellular contractile stress as a function of the size of the FA. Specifically, because of
the biphasic dependence @ on the FA size, a similar trend is expett®r the
contractile stress since a stiff BCM complex induces a higher level of cell contractility
(Eq. (33)). As a result, cells cannot generat®ughcontractile stresses necessary for the
further growth of the FAs when the sizes of FAs are etitb@ismall or too large, which
produces the gphasic shape of FA growth profile as showfrigure 3-5e. Of course, the

exact shape of the growth rate profile varies withEICM moduli and the fiber recruitment

indexes, leading to different stable sizes of thebBAd
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size. (a)The dfective stiffness of a FA as a function of its size and the ECM modulus. (b)

60



Normalized integrin force distribution for FAs of different sizes viigam X® Q0 .dFor

small FAs, integrin force is almost uniformly distributed. The force is concentrated at the
proximal edge as the FA becomes larger. (c) Influence of fiber recruitment index on the
effective stiffnessA size profile withEzcw  X® Q0 .GFiber recritment significantly
increases the effective stiffness of HEM complex. (d) Schematics for the influence of
fiber recruitment: higher fiber recruitment index indicates more crosslink breakage, leading
to more fibers and ligands, providing more integnmshin the FA. Therefore, fiber
recruitment significantly increases the effective stiffness. (e) Generic shape of the FA
growth rate as a function of FA size, from which two quantities of central interest, i.e., the
nucleation size for the nascent adhesitmdevelop into mature ones, and the stable size
for a fully developed FA, can be identified. The value of FA growth rate is only positive

when FA size is between these two sizes.

3.3.4 FA sizeECM modulus relation becomes noronotonic when cells can recrui

fibers
We first examined the correlation between FA size and ECM modulus without fiber
recruitment, a scenario relevant to most elastic hydrogels and crosslinked ECMs that
cannot be physically remodeled by the cells. As shoviigare 3-6a, we found that cells
cannot form stable FAs on very soft ECMs. Furthermore, FA size increases monotonically
with the ECM modulus. This can be explained by the fact that higher coletsictiss will

be developed on stiffer ECMs, which eventually leads to larger FAs.

When cells can recruit fibers (as in the case of fibrous ECMs with breakable crosslinks

(96)), the stable FA size increases compared to the cases without fiber recruitment (solid

61



red curve irFigure 3-6a) for a given level of ECM stiffness. This is because more integrins
are available with the recruitment of fibers, leading to a stiffeE&M complex as shown

in Figure 3-5c and therefore to higher levels of contractility. More interestingly, the FA
size will reach its maximum at a certain intermediate ECM modulus when fiber recruitment
is possible Figure 3-6a), in direct contrast to the monotonic trend observed on substrates
that cannot be remodeled. The reason is that crosslinks are ruptured more easily in a softer
ECM due to the large deformatioaused by cell contraction. Consequently, more integrin
ECM bonds will be formed in the FA which will result in a stiffer-E&M complex (and
hence a larger FA) even though BEM modulus is smadk. This competition between

the increase in the fiber/intgin density and the ECM modulus (both promoting the
formation of larger FAS) leads to a peak in the FA size at intermediate levels of the ECM
modulus Figure 3-6a). These ihdings are consistent with our recent experimental
observations where the FA size was found to increase with the stiffness of the hydrogel
substrate thatannot be remodeldde. n = 0) whereas larger FAs can be formed on softer
remodelable fibrous scaiids (refer toFigure 3-6¢ andFigure 3-6d). Interestingly when

the recruitment index iat an intermediate levet ( ¢, the solid green curve ifrigure

3-6a), the FA sizeéECM modulus relation still shows a monotonic variation. These results
predict that a critical level of fiber recruitment is essential for the presence of-a non
monotonic FA sizeECM modulus relation. Above this critical level, the Amonotonicity
become less significant by reducing the fiber recruitment index ¢, solid magenta

curve inFigure 3-6a), which has been validated by our experiméaé.
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By varying the values of andO , the stable FA band size as a function of the ECM
modulus and the fiber recruitment index is showfigure 3-6b. The heat map predicts
how the FA size varies with tHeCM modulus and the fiber recruitment index. Similar to
previous studie$100), our model suggests that the cell cannot form stable FAs on vary
soft ECMs. Intereingly, the threshold modulus for stable FA formation decreases with
increasing fiber recruitment index since FA formation is favored at higher ligand densities.
The cells can form stable FAs in ECMs with weak crosslinks. In thatlEAsgrowth may

be fawrable by an increase in ligand density resulting from the recruitment of fibers.
Another key prediction of the model is the increase of FA size with stiffness in an
intermediate range of stiffness and decrease of FA size at larger matrix stiffnesbde.g.,
red curve inFigure 3-6); we have not been able to engineer our ECMs to span the entire
phase space to validate the predictions of the model. We hope these predictions can provide

guidelines to design matrices to erggn cell response.
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Figure 3-6 Fiber recruitment promotes FA formation. (a) Stable FA band size plotted as a
function of the ECM modulus at three different fiber recruitmadices. With no fiber
recruitment and intermediate levels of fiber recruitment, FA size shows a positive
correlation with ECM modulus; at high levels of fiber recruitment, FA size shows-a non
monotonic relation with respect to ECM modulus in an intermediate range of ECM
modulus. The an-monotonicity becomes less significant by reducing the fiber recruitment
index. (b) Heat map of the stable FA band size as a function of the ECM modulus and the
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fiber recruitment index. (c) FA formation of representative hMSCs seeded on
methacrylated eixtran (DexMA) hydrogels of low and high stiffness, as well as on DexMA
fiber networks of low and high stiffness. Scale barg, i50Cell foms larger FAs on stiff
hydrogel and soft fiber networks, verified by quantitative measurement (d). (c) and (d) are
adapted fronf96) with permission from the Nature Publishing Group.

3.4 Conclusions

In summary, we developed a mtdtale coarse grained chemm@chanical model to
describe the evolution of FAs in crosslinked fibrous networks that resemble native ECMs
as well as widely used hydrogel ECM systems. In particular, by considering the elastic
deformation and fiber recruitment within the ECM along with the stiependent growth
kinetics of the FA, we predict the stable FA band size as a function of ECM modulus and
fiber recruitment index. Our results show that FA size is positively correlatede@M
modulus for ECMs that cannot be remodeled (i.e. hydrogels), but the relation departs if the
ECM is remodelable for cells (i.e. fibrous network), as shovigare 3-6a. The reported

FA sizei ECM modulus relation is consistent with recent experiméfitpife 3-6¢ and

Figure 3-6d) (96).

In order to further understand the rmnotonic behavioof the FA size as a function of

the level of fiber recruitment, we study how FA adhesion size varies when the ligand
density and the ECM modulus are independently altered based on our recent published 1D
FA model. This analysis was motivated by the expental work of Engler et. glL01),

who controlled the density of collagen on the surface of hydrogels (of fixed stiffness) and
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hence effectively designed a method to decouple the effects of ligand density and ECM
stiffness. They found a nemonotonic dependence of cell area igahd density; the cell

area shows a peak at an intermediate density of ligands on the surface. They also suggested
that other cellular responses (focal adhesion growth, cell shappk cytoskeletal
organization) should follow similar trend401) However, an explanation for these
phenomena is still lackin¢l02). Specifically, we found that (the shear lag length that
determines the size over which contractile stresses are transmitted to the ECM) decreases
with increasing ligand densityigure 3-7€), which results in a larger value of the ratio

0F0 even if the FA size({) remains unchanged. As we have shown earlier, this ratio
determines the integrin force distributiprofile: at smallb70 , integrin force distributes
uniformly whereas the force becomes highly localized at the proximal end0#heis

large Figure 3-7a). This change in the integrin force distribution (induced by either
increasing) or decreasing ) eventually leads to the-phasic response of the effective
stiffness of FA. Therefore, increasing ligand denst) bas a similar effect o8& as that

of increasing the FA siza), i.e. the effective stiffness of FA increases with the growing

%o initially, reaches its maximum and then decreases gradually as the ligand density further
increases Kigure 3-7f). By coupling the effective stiffness of FAs with the stiffress
dependent generation of actin contractile stress and thedepandent kinetics of adding

new adhesion plague units, the stable FA size asdifun of ECM stiffness and ligand
density can be obtained. As showirigure 3-9, cells respond positively to ECM stiffness

(i.e. forming larger FAshut normonotonicdl to ligand density, which is consistent with
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the recently observations on cellular contractility and spreddindl01) Specifically, the
effective stiffness of FAECM complex (with fixed ECM stiffness) will be small if the
ligand density is eliter too low or too high, leading to low intracellular contractions. Since
cell forms larger FAs at higher contractility levels, the stable size of FAs will reach its
maximum at intermediate ligand density. In comparison, under fixed ligand density, stiffer
ECM always results in higher contractility and consequently a monotonic increase in the
FA size.We carried out the Stepsdb(Figure 3-3) by treating ligand density and ECM
modulus as two independent parameters and obtained the FA size profile as shown in
Figure 3-8b, which shows trends similar to the 1D neb@Figure 3-8a). In summary, we
predicted the nomonotonic FA sizeEECM stiffnes$ligand density mapHigure 3-8) that

was pointed out previous(#7, 101) but thus far has not been explained from a theoretical

perspective.
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Figure 3-7 (a) Schematics of the 1D FBCM model. Thentegrin force distribution is
very sensitive to FA size. For small FAs, integrin force is distributed almost uniformly;
regions where integrins are forfree appear when FA size is comparable ltg; 4he
leading edge carries the majority of integrin foend the size of this highly loaded region
is a constant if FA size is much larger thag. A large FA [ 4L¢) can be divided into two
parts based on the magnitude of the integrin force, the effective stiffnesses of the two parts
are shown respectively {{t). Notice that the horizontal axis in (c) starts fromLc. (a)
and (c) are adapted from Ré100) with permission from Cell Press. (b) Normalized
displacemat field (with respect to the maximum displacement) for FA plagyeand
ECM (us) for an FA of size 16.. Note the size of the region of displacement mismatch
between the FA plaque and the ECM is approximately @) At low ligand densities,
more actie integrins are introduced as ligand density increases since the characteristic
length is large (e); at high ligand density, a part of the integrins becomes inactive and the
inactive region becomes larger as ligand density increases since the chaattag#ti
decreases (e). (f) Normalized effective stiffness as a function of ligand density for FAs of
0.1 pm, indicating ligand density hassimilar biphasic influence on stiffness sensing as
FA size
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The behavior of cells on different ECM systems is best summarized by theammionic
response mapF(gure 3-8). In particular, for ECMs that cannot be remodeled (i.e.
hydrogels), the ECM modulus and ligand density are decoupled to each other (this is
applicable for most artificial ECMystems, as shown kigure 3-9a). Therefore, as ECM
becomes stiffer the response of cells follows a linear path with no variation in ligand
density Figure 3-9c), resulting positively correlation between FA size and ECM modulus
(Figure 3-9¢). In comparison, for fiorouECMs that can be remodeled (such as DexMA
fiber network), cells are able to recruit more fibers from their soft microenvironment and
hence form more integrin bondsgure 3-9b), as demonstrated by recent experimdis

and our simulations. Since the ligand/integiensity and ECM modulus are coupled in
this case, the cells will react to changes in the properties of their surroundings along a much

more complicated path where ligand density decreases with increasing ECM modulus as
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shown inFigure 3-9d, leading to the namonotonic FA sizé ECM modulus relationship
(Figure 3-9f). Of course, the actual shape of the path has to be determined by the cross

talk among cell contraction, fiber recruitmgamnd ECM stiffness.

Cells unable to remodel the ECM Cells able to remodel the ECM
e.g. hydrogel and welded fibrous networks e.g. fibrous networks
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Figure 3-9 Ligand recruitment leads to nanonotonic behavioof FA size with stiffness.
On ECMs that the cells cannot remodel ((a), e.g. hydrogel and welded fibrous networks),
the contractile stress increases witéstiffness of the ECM, which makes FA growth more

favorable. As a result, FA size is positively mated with the ECM modulus (c, e).
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However, on ECMs that can be remodeled ((b), e.g.-dms=d fibrous networks), cellular
contraction induces deformation of the ECM leading to recruitment of fibers on softer
ECMs. In this case, when matrix mecharaee enhanced, cells sense matrix properties
that vary along a more complicated path in the ligand deks€iy stiffness space (d).
Therefore, a departure from the monotonic FAid£eM modulus relation found in the

case of hydrogels is observed (f).

We must point out that local fiber recruitment is closely related to the inelastic (history
dependent) bulk response of biopolymer netwdd3 105). In particular, mechanical
straining accelerates the dissociation of weak crossljh8) leading to mawmscale

plastic deformation of the matrix. It had been shown that such effect is more prominent at
long times scale§l03)and large strain€L04, 105)while diminishing with the addition of
permanent covalent crosslinks04, 105) In contrast, nsvorks that only have weak
crosslinks are more dissipative and undergo larger stress relaxd@anjsin this regard,

it is expected that the fiber recruitment indexintroduced here is a quantitative measure

the plastic response of the ECM, a parameter that has not been considered and appreciated
in previous theoretical investigations. By introducing this parameter, we are able to
characterize the coupled relationtween ligand density and ECM stiffness for fibrous
ECMs. We noticed that the influerccef time dependent matrix properties (such as
viscoelasticity(97)and viscplasticity(107)) on cel behaviors have drawn lots of attention.

By applying the corresponding theoretical models, we can characterize the corresponding
recruitment index for these matrices and therefore apply the proposedcaldtimodel to

probe the cellular mechanosensinghese matrices. Experiments have shown that matrix
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degradation by the action of enzymes such as MMPs decreases with increasing tensile
forces(108), but this newly described phenomenon of femediated changes in active,
cell-induced matrix degradation is not considered here since cells cannot degrade the
synthetic DexMA fibers considered in our experimental stiyr model generically
applies to fibrous ECMs with intdiber bonds that follow a Bellke breaking behavior,
where crosslinks dissociate more readily with increasing levels of force. Recent
experiment105)on the nonlinear viscoelastic response of collagen suggest that crosslink
breakng in collagen networks is facilitated by tensile forces, in agreement with the
assumptions of our model. Since crosslink breakage occurs wittins{105), which is
separable from the timescale for FA growth and evolutiebtd(fins)(74), our model can

be applied to address viscoelastic effects of the ECM. Incorporating properties such as cell
mediated matrix degradation and synthesis into the current model will be critical in the

future to capture the loAgrmevolution of celmatrix interactions in natural matrices.

To summarize, our results from the musdtiale chemanechanical model and recent
reports(96) show that as studies move from smooth and flat hydrogel surfaces to more
complicated 2D or 3D fibrous scaffolds (mimickimg vitro ECMSs), the ability of cells to
reconstruct their microenvironmeneeds to be taken into consideration when modeling
the growth of focal adhesions. In addition to providargexplanation for a variety of

experimental observations, this study can also serve as a theoretical framework for
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assessing the role of FAs iellular behaviors in nofinear extracellular environments,

such as cell spreading, migratj@md celfcell interactions.
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Chapter 4 Modeling Nuclear Morphology and Stresses during Cell

Transendothelial Migration

Reprinted (adapted) with permissibom Cao, X, E. Moeendarbary, P. Isermann, P.M.
Davidson, X. Wang, M.B. Chen, A.K. Burkart, J. Lammerding, R.D. Kamm, and V.B.
Shenoy. 2016. A Chemomechanical Model for Nuclear Morphology and Stresses during
Cell Transendothelial Migration. Biophys. J.111541 1552.

Synopsis
It is now evident that the cell nucleus undergoes dramatic shape changes during important
cellular processes such as cell transmigration through extracellular matardottielium
Recent experimental data suggest that during cell transmigration the deformability of the
nucleus could be a limiting factor, and the morphological and structural alterations that the
nucleus encounters can perturb genomic organization that in tucrenné cellular
behavior. Despite its importance, a biophysical model that connects the experimentally
observed nuclear morphological changes to the underlying biophysical factors during
transmigration through small constrictions is still lacking. Heredexesloped a universal
chemamechanical model that describes nuclear strains and shapes and predicts thresholds
for the rupture of the nuclear envelope and for the nuclear plastic deformation during
transmigration through small constrictions. The modelukdiets actin contraction and
cytosolic backpressure that squeeze the nucleus through constrictions and overcome the

mechanical resistance from deformation of the nucleus and the constrictions. The nucleus
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is treated as an elastic shell encompassing a petaematerial representing the nuclear
envelope and inner nucleoplasm, respectively. Tuning the chessbanical parameters

of different components such as cell contractility, nuclear and matrix stiffnesses, our model
predicts the lower bounds of constian sizefor successful transmigratiofurthermore,
treating the chromatin as a plastic material, our model faithfully reproduced the
experimentally observed irreversible nuclear deformations following transmigration in
lamin A/C deficient cells, whilehie wildi type cells show much less plastic deformation.
Along with making testable predictionshich are in accord with our experiments and
existing literature our work provides aealistic framework to assess thH@ophysical

modulators of nuclear defortian during cell transmigration

4.1 Introduction

Tumor cell extravasation is one of the critical, and possiblylimigng, steps in the
process by which cancer spreads to metastatic sites from a primary(44mé%) While

we know relatively little about the details of extravasation, regenritro studies have
elucidated a process beginning with tumor cell arrest in the microcirculation and the
formation of protrusions that reach across the endothelial monolayer, accompanied by
polarization of tumor cell actin and activation of bétategrins to generate firm adhesions

(21, 22) This is rapidly followed by actomyosin contraction to generate the forces needed
to pdl the remaining cell body across the monolayer. Similarly, during invasion into tissues,

tumor cells use actomyosin activity to squeeze through tight interstitial §@&¢eBuring
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these processes, the cell size, rheological properties and the geometric parameters
associated with the extracellular @monment dictate the maximal rate at which the cell can
transmigrate and change its sh&pé, 25) The rucleus beingthe largestind the stiffest
organelle within e cell, is a physical constraint to migration and may batelimiting

factor for cellular deformations during cell migration throughdi®ensional (3D)
constrictions that are smaller or comparable to the nuclear cross 4@&i@s). On the

othe hand, since the nuclelmuses the genetic machinarf/the cell, changes in the
nuclear morphology and positioning within the cytoplasm during migration can influence
the phenotypic profile of the cgR9, 30) For instance, it has been recently shown that in
addition tothe ability of cells to dramatically squeeze their nuclei to pass through small
constrictions, cells utilize components of the ESCRT (endosomal sorting complexes
required for transport) machinery to repair the concomitant damage to their nuclear

envelope NE) and DNA that occur during confined migrati@®1i, 32)

In light of experimental discoveries that identified nuclear morphological changes and their
implications for cellular behavior, progress has been made in quantifying mechanical and
rheological properties of the nucle$09, 110) Yet, how actomyoskgenerated forces
coordinate with geometric and mechanical parameters (such as the constrictions size,
stiffness of the extracellular matrix and the nucleus) to modulate the nuclear morphology
during cell passagehtough small openings remains poorly understood. Furthermore,

despite the development of a variety of approaches that model mechanics of the whole cell
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(11177 113) a mechanistianodel to assess the ability of cells to pass throsghmall

constrictions and the role tfe nucleus and other biophysical paraemstis still lacking.

To address these shortcomings, we developed a mbxeshemechanical modethat
describe nuclear morphology duringcell migration through deformable constrictions
smaller than thaize of thenucleus Based orbiophysicalmodulatos of transmigration
including actomyosin contractilitghegeometric and mechanical properties of the opening,
the nucleus andthe extracellular matrix (ECM), our model estimates the stifiness
dependent actomyosin driving forces and the mechanical ressencountered by the
nucleus, to predict the chances of successful transmigration. By varying these biophysical
factors, ve computedthe strain distribution within thenucleusat different stages of
transmigration to elucidate the physical mechanismibefuclear envelope and DNA
damage as well as the thresholds for plastic deformation of the nucleus. To vertydalr

we simulatechuclear transmigrain through an endothelial gap and gh&ssage through

rigid constrictions. Tuning our model parammest by comparison with experimental
measurements, our framework provides a quantitative description of nuclear mechanics
during transmigration of cancer cells across the endothelial monolayer and through rigid

constrictions.
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4.2 Methods

4.2.1 Model formulation

In order to understand the influence of both the intracellular and extracellular cues and the
mechanical properties of the nucleus on cell transmigration, a cell with a spherical nucleus
of radiusi invading extracellular matrix (ECM) through a deforneabap smaller than

the diameter of the nucleuBigure 4-1c) is considered. The nucleus is treated as a non
linear shell with shear modulus, simulating the nuclear galope, filled with a soft
poroelastic solid material mimicking chromatin and othermsudlear structured=gure

4-1c, refer toAppendix A3). Recent work has shown that nucleus is also viscoelastic, but
the time scale of viscous relaxation is of the order8DQ@ sed109, 110, 114, 115yhich

is an order of magnitude smaller than the time it takes the nucleus to pass through
endothelial gaps/constrictiof81). Thus the elastic properties we use here are the moduli
after the viscous effects have relaxed. To model the extracellular environment, a thin
flexible layer with a hole or gap of radiusmimicking the endotheliurfor aconstriction

in a microfluidic device) and a deformable ECM placed on the other side of the
endothelium are introduce#igure 4-1c). The endothelium (or constriction) areetECM

are treated as compressible #t¢mokean hyperelastic materials to capture the mechanical

response (refer tAppendix A3 for details).
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Figure 4-1 Computational model for tumor cell transmigratiq@) High resolution

confocal zstack of a cancer cell (Lifea@FP, MDAMB-231, green) transmigrating
through an endothelial monolaydECAM-1, HUVECS, red) cultured on a collagen gel.
The nuclei were stained with ddchst(blue). The white arrow indicates actiich

protrusions at the leading edge of the cancer cell entering the ECM. The gray arrow
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indicates the front of the cancer cell nucleus squeezing through the endothelial gap. Scale
bar, 10 & m. ( b plapBeeimages sferiliradlast (NIel 3T3)i erpressing
mCherryHistone4 (red) and GF&ctin (green) migrating through a3 -wide rigid
constriction in a 51 -t al | mi crofluidic deThe mueleusisSc al e
modeledasa permeable hyperelastibedl (representing NE)vith modulusys filled with

chromatin (modeled as a poroelastic material with modudsn d Poi ssonds r at
range ofr@ @ based on permeability The parameterdan the modelare the shear

modulus forthe endothelium |ie), the ECM () and the nucleugug); nuclearradius (n),

endothahl gap size |(n) andthe averagdength of the actin filament40). The nuclear
stiffnesspn is mainly determined by the NE elasticjty= (ro/h)un, ls=0.1pn, where'Qis

the thickness of the shelld) The driving force fotransmigration is generated by stress
dependent contraction tife atomyosin complex. The actomyosin activity is mediated by

a variety of biochemical processes, such as th&MEK and calcium meated pathways

(see Supplementary Information for detail€) Schematic for the mechanical model of

active contractile stress generation. The actomyosin contraction is modeled by a spring in
parallel with an active contractile element, which ensuressttiter ECMs will generate

larger contractile stresses.

The actomyosin contraction at the front of the cell provides the driving force for
transmigrationA cell can adjust its contractility by controlling myosin motor recruitment
throughavariety of sgnaling pathways, such as RROCK and CaKigure 4-1d, refer to
Appendix A3 for details). Here we applied our recently published m(glto introduce

the stiffnessdependent recruitment of the contractile machin&igure 4-1e, refer to
Appendix A3 for detailed descriptions) that accounts for the influence of both intracellular
(for example, gnal pathways) and extracellular cues (ECM modulus and deformation).

The resistance force during transmigratisrcalculated using the finite element method
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(FEM) to compute the deformations of the nucleus, endotheliand ECM.
Transmigration is predietl to be successful if the resistance force is smaller than the

actomyosircontractile force. The simulation steps are showkrigpire 4-2.

Solve for the resistance force F and the
stress fiber contraction length Al based
on nuclear and ECM deformation
(through Eq. (1). )} during extravasation
using the FEM method

&

Solve for the driving force for
extravasation, F,, through Eq. (2)

-

F, = F during
extravasation?

Extravasation Extravasation
can occur cannot occur

Figure 4-2 Flowchart depicting the simulation steps.

42.2 AEM

AFM microindentation measurements of gel and cell nucleus elastieity performed
usinga JPK NanoWizard | (JPK Instruments) interfaced to an inverted optical microscope
(1X81, Olympus) Cantilevers (MLCT, Bruker; nominal spring constants of 0.0MmN

were modified by attachingeads (12 m b éoaceéllslar measurements and &Qrfor

gel) usingUV curing glue.Using the thermal noise method implementedhe AFM

software (JPK SPM), thespring constantsf the cantileversvere determinedPrior to
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measurementshe sensitivity of the cantilever was set by measuring the sldpefofce-
distance curves acquired amlassbottompetri dish.To determine the nucleus elasticity
we applied force to the nuclear regions of the cell with ldogess (> 9 nN) to create
indentation depths > & nthat ensure significant deformation of the nucleus and thereby
maximize thecontribution of the nucleustthe measured elasticifg16). The tip of the
cantilever was aligned ov#reregions above the cell nucleusing the optical microscope
and indentation measurements were performed. Febst@nce curves were acquired with
an approach ‘Suyntdeahingthe nbxinumsesfoe of 20nN. Usinga
previouslydescribednethod(117), we found the contact point and subsequentiyutated

the indentation depl | by subtracting the cantilever deflectiQfrom the piezo tranation

a after contact], & Q. The elastic moduli were extracted from the fedistance
curves by fitting the contact portion of curves to a Hertz contact model between a spherical

indentr and an infinite halspacg118).

4.2.3 Microfluidic device and NE rupture experiments

Details on themicrofluidic device fabrication, cells used, and analysis for the chromatin
deformation have been described previoud$9) In brief, cells were plated in a
microfluidic device made of polydimethylsiloxane (PDMS) and a glass slide, containing 5
pm tall migration channels with constrictions of 1 to 15 pm in width. Cells migrate along
a chemotactic gradient, and nuclear deformation is observed byajuse imaging of

fluorescently labeled histones. Akescribedpreviously, nuclear envelope ruptuneas
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detected by monitoring the transient escape of GFP fused with a nuclear localization signal
(NLS-GFP) from the nucleus into the cytoplasmd fluorescently labeled cytoplasmic
DNA-binding protein (cGASRFP) that accumulates at newly exposed genomié s

used to monitor the sites of nuclear envelope rug@2g Cells were generated by stable
expression of fluorescent reporter proteins, i.e. M8F° and cGASRFP, by lentiviral
transdwtion. For confined migration experiments cells were loaded into a custom
manufactured microfluidic device and imaged forhlé#n a temperatureontrolled
microscope. Image analysis was carried out in ZEN (Zeiss), Matlab (MathWorks) and

ImageJ.

4.3 Results

During extravasation, the invading cancer cell sends protrusions between two adjacent
endothelial cells and creates a small opening within the endothelial22)efhe actin

rich protrusions at the front of the cell (the green regidfigare 4-1a) adhere to and pass

through the basement membrane, penetrating into the ECM. During transendothelial
migration (TEM), the actomyosime di at ed contractile -forces
i nv a dreaftbecgll and around the nucleus, push/pull the nucleus to pass through the
endothelial gap. Similarly, as cells migrate through interstitial spaces, they have to move
through confined spaces imposed by extracellular matrix fibers and surrocetsr{g7).

In order to understand the influence of both the intracellular and extracellular cues and the

mechanical properties of the nucleus on calh$migration, we consider the case of a cell
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with an initially spherical nucleus of radiusinvading the ECM through the endothelial
layer or, more generally a gap (of radiussmaller than the radius of the nucleb&g(re
4-1b andFigure 4-1c). We adopted our recently developed chemechanical mod€[L6)

to describe the streskependent actomyosin activitifigure 4-1€), which is mediated by
mechanosensitive signaling pathways such aSitti&amily kinases (SFK), rhassociated
protein kinas€ROCK) and nyosin lightchain kinaséMLCK), as shown in Fig. 1dWe
first studied the mechanics of nuclear transmigration through deformatérictionsto
mimic TEM and then explored cqlhssage througtgid constrictionsfor exampleones

in microfluidic devicesvhose dimensions can bpecified(119).

4.3.1 ECM stiffness and gap size modulate nuclear transmigration

We employed Finite Element simulations to estimate thmalized resistance forc'G)
during each stage of nuclear transmigration @&ppendix A3 for details). While the
nucleusenters theconstriction "G increasesmonotonically as the nucleus advances,
reaching a maximal resistance force (which we name the critical resistancédraea
critical position. Following this, thaucleus snaps through tbpening, leading to drop

in theresistance forgewhich vanishes after complete nuclear escéjgufe 4-3a). To
predict he driving force, w calculatedhe normalizedactomyosincontractile force (%)

based on an actin contraction mod&b) that relies on a mechasmhemical feedback
parametel , that accounts for the increase in contractility in response to tension in the

actomyosin system (ség@pendix A3 for details). Through myosin motor recruitment, the
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contractile force gradually reaehits maximumlevel to overcome theesistance force
leading to successful transmigrati(s  "0.| is definedas thecritical mechao-
chemicalcoupling parametethatis justsufficient fortransmigratiorto occur "> (5 at
the critical positioh At weak feedback level| | ), the cell is unable to build up
enough driving force fothe nucleus to passitough Figure 4-3b, top twopanels); while
a higherfeedback leval( | ), the cell isableto generate theritical forcerequired to

snapthroughthe gap Figure 4-3b, bottom two panels)

b
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2.5 25 Initial ¢ = 0 Subcritical ¢ < a,
é 2.0F o= 12.0 = OvonMises
=N . — % s
F £
*" """""""""" I 0.2
& 1.5} S5
\ =
8 @
= A [&] vk %
LE 1.0k Fg;a < a [ o " _ “ ¢
9 c 1.0 L:]} Critical @ = a, Snapped-through 01
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Cell Contraction Length (Al/r;,)
Fi = i > B

Figure 4-3 (a) Normalized esistance forcéF") plottedas a function othecell contraction

length duringransmigration for the nuclegislack) as well as normalized contractile force
(Fo) at different feedback strength levels (blue and.réd) the nucleus enters the
endothell gap, the resistance force increasesl the nucleus snaps through the gap,
leading to adrop in the resistace force(denoted by dashed lines in (aBlue is the
normalized contractile force from actin filaments at low feedback level, in which case, the
cell cannot transmigrate through the endothelium due to lack of driving force (upper panel
in (b)). Red ighe case at critical feedback level, under which circumstance, the cell is able
to build up just enough driving force for transmigration and shows sndppmeyh
behavior (lower panel in (h)jb) Stress maps in trsystem At weak feedback levslthe
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cell is unable to build up enough driving force the nucleus to pasthrough (top panel).
At higher feedback level (critical level shown here), the cell is able to generate the critical
force required to snap through the endothelial layer. Colors indizateormalized von
Mises stress (with respect to the nuclear shear modulus) in the system. Model parameters
arepn UL KPa, gt = e pkPa,rg= 0.5m, rc= 2.5m 0 pkPa,jo T kPaj
¢& X 102 Pa. The criticatontractilty critical feedbaclstrengths ardetermined to bek

c® 1 10° Pa.

Our model shows that the radii of the nuclei ‘3 and the endothelial gai §, and the
moduli of the endothelium’ ) and the nucleus' “) are the main determinants of the
resistance forc’G. Indeed, transmigration is difficult through small endothelial gaps
(Figure 4-4a) and a stiffer endothelium also impedes transmigration. Though the modulus
of the ECM * has little influence on the resistance force, it has a strong effect on the
actomyosin contractile forces: at the same chemahanical coupling level, softer ECM
induce lower levels of cellular contractile forde, 120, 121)which may not be sufficient

for the cells to overcome the resistance force. Therefore, it is less likely for the cell to
transmigrate when ECM is sofifjure 4-4a). On the other hand, a stiffer ECM often has
smaller pores, which impose higher geometrical constraints on cell movement. Therefore,
although a cell encountering a stiff ECM can develop higbetractile forces, the chances

of successful transmigratiomeastill limited by the geometric constraints. For the sake of
simplicity, the strairstiffening response of the fiborous ECMs was not taken into
consideration in the current analysis. With stistiffening, we would expect that the cell

can transmigratehtough smaller gaps (compared to current predictions), particularly for
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soft ECMs. Since the strain stiffening nature of fibrous EQ@F] 18) is more pronounced
in soft ECMs, the cell will potentially generagehigher level of contractile force and

therefore facilitate transmigration.
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throughthe smaller gapsecausef theincrease ircritical resistance forc€b) As the ECM
stiffness decreases (from right to lefélls cannottransmigrate since they canrmtild up
sufficientcontractile forcein soft ECMs. Colorisin (a) and (b) indicate therstchesalong

the direction of invasian(c) Critical feedback strength as a functionhef ECMmodulus
andthe endotheldl gap sizepredicted by the modelThe daskd line denotes the phase
boundaryfor transmigrationOn the righthandside of the phase boundatkff & X

and the cel canpassthroughthegap The model predicts the physical limitrgk 0.3k

for successful transmigration, corresponding to ~10% of the undeformed nuclear cross
section, in excellent agreement with previous measuren@ntgd) Cytosolicpressure
generated through cortical actomyosin contractility can promote transmigration.
Comparison between the critical feedback strength required for transmigration as a
function of the endothelial gap size with (red) and without (bluepwaating for pressure
exerted on the nucleus due to membrane tensiodeMparameters ate  p kPa }o

T kPal  ¢& X 10°Papun UkPape pkPa: 1@ kPain (a)fg=0.5min (b).

By varying the model parameters, we have predicted the nosdatiatical feedback
strength ( A , wheref is chememechanical coupling parameter related to motor
engagement, see Supplementary Information for degela function of the radius of the
endothelial constriction and the ECM moduliisgure 4-4c). The model predicts the
physical limit for successful transmigration toibe 1@ , corresponding to about 10% of

the undeformed nuclear cressctional aga, in excellent agreement with previous
measurement®7). Our AFM measurements of the elastic properties of components of an
extravasation monolayeassay show' ¢Cp. ¢TPa,’ Ly ¢TmiPa,’

p p U i ¢ Ra. This, together with the geometrical parameters extracted from our system,

implies that cancer cells have to overcome a resistance for€@8ofiNto successfully
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transmigrate through endothelial constrictions as small as 30% of the nucleus size, which

is within the physiological rangd 22).

4.3.2 Contibution of the cytosolic backressure on transmigration

During transmigration, the nucleus can divide the cell into two parts with a pressure
difference 31) between these parts created by the cortical membrane tension in the front
and rear cytosolic copartments. For simplicity, we assume that the membrane tension is
uniform and that the front and rear cytosol compartments are both spherical wit" radii
andi respectively Figure 4-4d). The pressure difference (rediront) can be estimated

as3f) ¢ pfi  ph& ,where isthe actin cortical tension. Recently it has been shown
that the nucleus partitions the cytoplasm after the cell transports the majority of its cytosol
to the front(21). Asaresult,i i ,ands3f) T indicating that membrane tension creates

a positive pressure difference that pushes the nucleus from the back to assist transmigration.
To studs the effect of membrane tension and bpoissure from the cytosol, we consider

an extreme case in which the cell translocates almost all cytosol before nuclear
transmigration, meanin i andi ¢®i , which is commonly seen in our
experimentsvith very small gap sizes. To estimate the pressure difference, we consider a
cortical actin tension of ¢ p o Ufa based on a previous study23) The
additional driving force due to cytosolic pressure3™C 31 1 , wherei is the
endothelial gap radius in the current stafgre 4-4d). For a certain gap size and
mechanical properties of different components, while the resistance force stays the same,
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the required active contractile force for successful transmigration camaker when
considering this cytosolic bagkessure ™ "C 3'0). Therefore, cytosolic baek

pressure from membrane tension promotes transmigration.

4.3.3 Lamin A/C level is one of the main determinants of the resistance forces

It has been shown that the levels of the nuclear envelope proteins lamin A EmairC (
A/C) determinehe stiffness of the nucle$15, 124 126), and lower levels of lamin A/C
facilitate cell migration through tight spacé6s, 28, 127)We studied the influence of
lamin A/C ontransmigration by varying the modulustb&NE in our modeligure 4-5).
The aitical resistance force linearly increases with increasing nuclear stiffiiéss.
contractike driving force also increases wahincrease in the nuclear and ECM stiffness,
buteventuallyreaches a platea&igure 4-5). Therefore, transmigration cannot occur due
to the lack of sufficiently large contractile forces if cells hagey stiff nuclei (wild-type
cells) (122) For soft nuclei €.g.,lamin A/C-deficient cells), the resistance force is much
smaller than the contractile force, implicating transmigration is much easier for these cells
butis accompanietby large nuclear deformatisnconsistent with recent measurements in

microfluidic deviceq119).
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Figure 4-5 Resistance forc€black) and contractile force of the actin filaments (k
plotted as a function othe nuclear shear modulusShe contractile force of the ac
filaments increases with the nuclear modulus. Stiff nuckeinat able to extravasate 1
to the lack of sufficiently large contractile forcesodiél parameterareb  p kPa }o
™ kPa| ¢8 10°Pa] ¢& x 10°Pau UkPa,un p TkPa,rg= 0.5rn.

4.3.4 Effects of compressibility and NE permeability on nucleglume change

The biochemical interactions of the nuclear proteins are dependent on the amount of
accessible water that regulates the levels of pH, ionic strength and the concentration of
different chemical speciesithin the nucleus. We considered watesptacement in and

out of the nucleus (through pores), but also the redistribution of water within the nucleus
as it is compressed locally. The structural organization and function of nuclear
macromolecules rely on the physical and thermodynamic intemachietween different

nuclear components and the excluded volume effects of macromolecular croWuéng.
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change in water concentration within the nucleus can be directly correlated to the nuclear
volume change through:

. p 3w
w w ———
mw
whered s the water concentration in the reference state prior to transmigratiarn and

is the volume per water molecule. Therefore, considdatsmgnplications on excluded
volume effects as well as water concentration and redistribution, here we investigate the
changes in nuclear volume during transmigratMe estimated theormalized nuclear
volume changes{fw ) asa function of the normated nuclear positiowith respect to

the gap(&’) consideringdifferent constriction sizes. Our modptedicts that the nucleus
undergoesubstantiakhape change durirtigansmigration leading to significamblume
decreasdFigure 4-6a and Figure 4-6¢). The experimental model confirmed the large
variations in shapd-(gure 4-6b) but did not find significant changes in the nuclear volume
(119) but accurate volume measurements are difficult to obtain even using high resolution
3-D confocal microscopy. In the case of relatively small dii ~s 0.51 ) the predicted
shape change and volume decrea2d%) aredramatic, leading to significant fluid efflux
thatinfluences the water concentration and macromolecular crowdsigufe 4-6¢). For

larger gapsthough the overall volume change is snfall3%,Figure 4-6¢) thereis still

large reductin (~20%, Figure 4-6d) in localizedfluid volume (dilatation) leading to

decrease in the amount of accessible water locally.
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Figure 4-6 Nuclearshapesspatial distribution of volumetric strains and fluid contast

well as nuclear envelope deformation and rupt(ag Shapshotf the nuclear shapex
differentstages of transmigration through a smalldigap (y= 0.25ry). (b) Nuclear shapes

in experiments of cell migration through constrictions in a microfluidic device. The nucleus
is labeled by mCherrifistone4 (red), the cytoplasm by GEEtin (green). Scale bar, 10
em. (c) The nor mexhanhgesifVo) aswa uhceoa of nueleat position.
The rucleusexperiences largeolumetric strains due to fluid expulsiavhenit pases
through smaller gagp The nodel predicts up to24% decrease in nuclear volundering
transmigration for themallest gaprg = 0.5r,). Also the effect of nuclear permeability on
volume change is shown. (d) The local volume change (dilatation) exhibits large spatial
variations within the nucleus. Contours show the normalized local volumetric strain for a
permeal® nucleus passing through a gap sizeq4ef 0.7rn (red line in (c)), with blue
representing regions with large volume decrease. {glpime stretch just before the nucleus
exits the endothelial gap faig= 0.5r (left) andrg= 0.25rn (right) (only theNE is showi).

The inplane stretch of thBIE is inhomogeneous, with the front and back of the lamina
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being under tensiofpotential location of lamina rupture and bleb formatiwhjle the side

of the nucleus in contact with tigapis under compressigjpotential locations for lamina
buckling). Black triangles indicate the gap center. (f) Representativeléips® images
showing NE rupture at the front of an HT1080 cell passing through a constriction. The NE
rupture was visualized by the spill of NiG&FP (green) into the cytoplasm and the
accumulation of the cytoplasmic DNA binding protein cGRBEP (red) at the site of
rupture at the NE. Scale bar, 40m. odéllparameterfor (a), (c), (d) and (earev p
kPgjo T@®kPal ¢& X 10°Papun UkPa, i LkPape p TkPa.

We also investigatethe effects of decreasing the nucleus permeability thereby impeding
fluid outflow and redistribution. To addresise effects of permeability, we considered
changing the 6drydé Poi gbkasenn thre adroelastic(mBterial)s s o n
Considering values close to 0.5 for the dry Poisson ratio (set as 0.49) implicates almost
nonpermeable nuclear envelope with minimal chances of fluid outflow. In this case and

as expected the overall volume changes ()~afé significantly reduced compared to the
permeable casefifure 4-6¢). A recent study showed that the nuclei of fibroblasts (NIH

3T3) undergo small volume decrease (<10%) while migrating through tight spaces,
implying limited fluid flow from the nucleus tithe cytoso(119) This suggests that the dry

Poi ssondés ratio of the nucl ei studied here

4.3.5 Prediction of lamina buckling and rupture

The NE controls protein tiicking between the cytoplasm and the nucleoplasm and is
essential for protecting the chromatin from being exposed to the cytoplasm. Recently it has

been shown that rupture of the NE during cell migration through rigid constrictions can
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potentially lead @ herniationof chromatin across the N&nd breaking of DNA double
strand9q31, 32) The rupture and blebs are often found at defective sites in the NE where
thenuclear lamina signal was weak or abg@2). Interestingly, the occurrences of these
events were also associated with the size of the constriction, which influences the degree
of nuclear deformatio(B32). Therefore, we studied the spatial distribution of strains in the
NE and predicted possible locations for NE rupture and buckling as the result of large
nuclear deformation during transmigratiomhe inplane stretch of theNE is
inhomogeneous, with the front and back of the lamina being under tension while the side
of the nucleus in contact with tigapis under compressigffrigure 4-6€). As aresult, the
lamina camrupturein thetensileregions whichin turncan lead to nuclear blebbifigigure

4-6e). Also in the regions that tHaminais under compressigmuckling of the NEhas

been reported previolys(32, 119, 128)Using a device t@apply controlled compression

on the cell, the precise threshold of deformation above which the nuclear lamina ruptures
has been foundnd correlated with the expression of specific sets of genes, including those
involved in DNA damage repafil29). From these experimental d4i£29), we estimated

the threshold of iplane stetch (stretch = 1 + Hplane strain) for NE rupture to be ~1.2.
While the cells pass through small gaps, our model predicts a maxithapilane stretch

of ~1.3, which exceeds the experimentally measured threshold, indicating the cells are
under high 8k of NE rupture during transmigration. Theplane stretch at the front is
higher than the stretch at the ba€kg(re 4-6e), suggesting that the front of the nucleus

hasa higher chance of rupture, which is consistent with recent find@&)sdicating that
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70% of NE rupture events occur at the front of the nucleus during the process of cancer
cellmigration through confined environmenisgure 4-6f). As the gap size increases from

™ 1 toTt®i ,the maximum irplane stretch decreases from 1.3 to 1.1, correpgmo

a lower likelihood of NE rupture, which is consistent with the positive correlation between

NE rupture and smaller constriction size reported with a microfluidic migration d@Zxe

4.3.6 Pulling forces as the primary mechanism of transmigration

A recent study identified cortical actin filaments at the back of the cell that can generate
pushing forces at the rear of the nucleus that may facilitate transmig(@86h To
investigate the role of forces acting on the rear of the nucleus, we dissect the influence of
push and pull forces and tested whether push forces acting on the rear of the nucleus can
explain the shape andistribution of strain during transmigration. We estimated the
maximal {O ) and the minimal@ ) principal strains while mapping them at different stages

of transmigration through rigid constrictions of different sizegyre 4-7a). Also we
considered the cases of either having purely pushing forces at the rear of the nucleus or
pulling forces on the frontHgure 4-7a andFigure 4-7b). For all cases we found th@t

is mostly in the direction of transmigration, whil® is approximately aligned

perpendiculato the transmigration direction.

For a relatively large constriction, we find that the nucleus adopts an hourglass shape

whether it is pulled by frontal actomyosin forces or pushed by rear cytosolic fBrgese(
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4-7a). This hourglass shape has been observed in various cell migration expe(Rents

32, 119, 131) Interestinglyour model predicts thad and O are mostly tensile and
compressive, respectively, consistent with the experimental patterns of strain maps derived
based on the triangulation between the individual natupattgent dense chromatin foci
(Figure 4-7c) (119). However for a smalker constriction, the nucleus still adopts an
hourglass shape when it is pulled through, while the pushing at its rear results in an inverted
bolt shape Figure 4-7b) and apearance of large compressi@e that has not been
observed in the experimentSigure 4-7b). Furthermorgin the case of small gaps, our
simulations suggest that purelyghing forces cannot lead to a successful transmigration
and the nucleus remains stuck in the gap. Therefore, pulling from actomyosin forces at the
front of the nucleus appears to be the primary driving mechanism of transmigration,

particularly for smaltonstrictions
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Figure 4-7 Nuclear strains during transmigrati@a, b) Graphical representation of spatial
distributions of strains in the nucleus at different stages of transmigration through large (a)
(rg= 0.5ry) and small (b) g = 0.25ry,) rigid constrictions under either pushing (left) or
pulling (right) forces. (c) The experimental strain maps of lamin-dé€@cient cells
(bottom) based on triangulation between present dense chromatin foci (toph&8cale

em. Model par @akPzb emdkPaar €% x 103Papun L kPa,t

L kPa.

4.3.7 Effects of plasticity on irreversible nuclear deformations

Previously, Pajerowski et al. reported that cell nuclei experience irreversible deformation
aftertherelease of pressure applied by&ropipettg110) A later study showed aence

that dynamic loading of the nucleus can lead to permanent structural changes in chromatin
(132) Since these studies indicate the existence of significant plastic nuclear deformations,
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