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Abstract

Abstract

Cell migration plag essential roles in many normal physiologiaad pathological
processes, such asnbryonic morphogenesis, wound healing, tissue renewal
nervous system development, cancer metastasis and autoimmune disorders. Both
single cell migration and collective cell migration are powered by the-batad
lamelipodia, filopodia or invadopodia protrusions at their leading edges to migrate
through extremely heterogeneous extracellular microenvironments. Although
extensive experimental studies about cell migration have been conducted, it is
unknown of the intrackllar physical mechanisms of how migrating cells sense and

adapt to the highly varying extracellular mechanical microenvironments.

To address this, we construct the predictive spatiotemporal model of the
lamellipodial branched actin network through siminigt its realistic self
assembling process by encompassing key proteins and their highly dynamic
interactions. Then, using finite element simulations, we quantitatively demonstrate
the mechanical roles of individual intracellular proteins in regulatingethstic
properties of the selissembling network during cell migration. More importantly,
we reveal a resistana@alaptive intracellular physical mechanism of cell migration:
the lamellipodial branched actin network can sense the variations of immediate
extracellular resistance through the bendingpdeations of actin filaments, and
then adapt to the resistance by seljulating its elastic properties sensitively
through Arp2/3 nucleating, remodelling withagtin, filaminA  a nadtinityand
altering the filament orientations. Such resistaadapive behaviours are versatile
and essential in driving cells to ovesme the highly varying extracellular
confinements. Additionally, it is deciphered that the actin filament bending
def ormation and anisotropic Ponetwskonoés
and Arp2/3 branching preference jointly determine why lamellipodium grows into

a sheetike structure and protrudes against resistance persistently. Our predictions

at
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are confirmed by published pioneering experiments. The revealed mechanism also

canbe applied to endocytosis and intracellular pathogens motion.

The propulsive force of cell migration is based on actin filamelymerization
We pr opose lkendindgsteaighteaitge caét ibc ratchetd (BSE
which is based on geometiicnonineaity deformation of continuum solid
mechanics. Then, we develop the safembling spatiotemporal mathematical
model of the polymerizing lamellipodial branched actin filaments propelling the
leading edge protrusion under heterogeneous extracellidewenvironment, and
perform largescale spatial and temporal simulations by applying the BSER
theoretical model. Our simulation realistically encompasses the stochastic actin
filament polymerization, Arp2/3 complex branching, capping proteins inhibiting
actin polymerization, curved LE membrane, rupture of molecular linkers and
varying extracellulamechanical microenvironmenrbtrikingly, our model for the
first time systematically predicts all important leadadpge behaviours of a
migrating cell. More irportantly, we reveal two very fundamental biophysical
mechanisms that migrating cells sense and adapt their protruding force to varying
immediate extracellular physical constraints, and that how migrating cells navigate
their migratory path to in highly berogeneous and complex extracellular
microenvironments. Additionally, our BSER theoretical model and the underlying
physical mechanism revealed here are also applicable to the propulsion systems of
endocytosis, intracellular pathogen transport and deéndsfiine formation in
cortical neuronswhich are powered kpolymerization of branched actin filaments

as well

Filopodia and invadopodia protrusions #reother two types of cell migration
behaviours at their leading edges. Through talieeensional asembling model of
filopodial/invadopodial Factin bumlles and finite element simulations, we
quantitatively identify how the highly dynamic assembling and disassembling actin
filaments and binding and un-daimndndng of cr
fascin r egul at e Youngos modul usrs and buck
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filopodia/invadopodia, respectively and combinedly. In addition, thermal induced
undulation of actin filaments has an important influence on the buckling behaviours
of filopodia/invadopodiaCompared with shedike lamellipodia the fingerlike

filo podia/invadopodia have a much larger stiffness to protrude in extracellular
microenvironmentThus, heycancooperate with lamellipodia to complementarily
split a channel in extracellular microenvironment and drive cell migration through

the channel.



Contents

Contents
ACKNOWIEAGEMENTS ... .o err e e e e e e e e e aaes L.
ADSETACT. ...ttt mn e I
LO70] 01 (<] 0117 TP P PP PPPPPPPTI Vi
LISt Of FIQUIES. ...t e e e e e e e e eemee e X
LISt Of TADIES ... e XVII
List Of ADDIeVIatioNS .........ooooiiiiiiiiieeee e XVII
NOMENCIATUIE......o it reea bbb e e e e e e e e e e eans XIX
Chapter 1 INtrodUCTION .......oeviiiiiiiieeee e 1
1.1 Research Background and ODJECHIVES............uuueiiiiiiieeeiiiiiieeeieeaeeeeeen 1
1.2 Thesis OrganizatiQn................uuuuuiiiiccceeeeiriree e e e eeenis e e e e e 4
Chapter 2 Literature REVIEW............uuuuiiiiiiiee e eaeeen e 7
2.1 BIOPOIYMEIS.....eeieiiiiie e eeee e 7
2.1.1 ACHIN FIlAMENT......eeiiiee e 8
2.1.2 MICIOTUDUIE......coiiiiiiiii ettt 9.
2.1.3 Intermediate fillament............ooooiiiiiiiiiicce e 9
2.2 ACtin DINAING PrOtRINS ......uuiiiiiiiiiiiiiiieee et 10
2.2.1 Arp2/3 COMPIEX ... ittt e e 10
2.2.2 FIlamiRA e 12
A Yoi. o111V SRRSO 15
2.2.4 FASCIM...cii ittt e e ettt e e e et e e e e e e e e e 16
2.2.5 CapPINg PrOtEINS. ...cceiiiiiiiiieieeie et eeee e 17
2.3 Cytoskeletal actin networks for cell migration..............cccoooevvieeeeieenns 17
2.3.1 lamellipodial branched actin netwark..................uvuiccceieeiinnnnns 17

Vi



Contents

2.3.2 Actinbased cell migration model at the leading edge................. 29
2.3.3 Filopodial/invadopodial-Bctin bundle and cell migration............. 34
Chapter 3 Modelling of Assembling Lamellipodial Branched Actin Network
................................................................................................................... 37
G 300 11 0T U Tox 1 o USSP 37

3.2 Selfassembling spatiotemporal mathematical model simulates the dynamic

growth of the branched actin network driving celbraition......................... 38
3.3 RVE model validation with published experimental data.................. 49
3.4 Mesh and boundary conditions of the RVE model............................ 50
3.5 Elastic constants of the branched actin filament network.................. 53

Chapter 4 Elastic Properties of Assembling Lamellipodial Branckd Actin

NI V0] ¢ TP TP 60
AL INETOAUCTION. et ee e e e e e e e e e e e neenn 60
A = Y] U] (TR 61

4.2.1 Resistaneadaptive actin filament density improves the network
StIffNESS SENSILIVEIY......ccce e 61
4.2.2 Successive branches formed by Arp2/3 Complex are essential for cell
4010 = 11 0] o OO PPPPPRRPP 71
4.2.3 Strengthengand local heterogeneous weakening effects of self
regulated Arp2/3 complex density on the network stiffness................ 75

4.2.4 Density of crosslinking proteins regulated by filament density linearly

4.2.5 Resistancadaptive filament orientation transitions are to meet the
stiffness demand for cell migration.............ccccooviiiiiccc s 87

.3 DUSCUSSION . ..ttt e et et e e ee e e e e e e e e e e e e e e enaaan 93

4.3.1 Resistaneadaptive elastic properties of branched actin network

through remodeling with intracellular proteins andratigg geometry.......! 93

VI



Contents

4.3.2 Arp2/3 complex affects the stiffness of branched actin network and cell
migration from three aspectS...........oovvvviiiiiiiiiccre e 95
4.3.3 The unique elastic properties of the branched actin network are much
different from those of the crosslinked actin netvar................occoeeeee. 96

4.3.4 Why do lamellipodia grow into shdide structures and directionally

and persistently drive cell migration against resistances?.................. 98
4.3.5 CliNical ValUES.........ccooiiiiiiieeee e a8
Chapter 5 Bendingstraightening Elastic Racket Theoretical Model and Actin
based Lamelipodial Migration Spatiotemporal Model ...........ccccccceeeeennnnne 100
Lo 00 {1 0T U Tox 1 o U 100

5.2 Bendingstraightening elastic racket (BSER) theoretical madel....... 100
5.3 Seltassembling spatiotemporal mathematical madel..................... 110

Chapter 6 Migrating Cells Sense and Adapt to Extracellular

MICIO ENVITONIMEBNTE .. e e 117
B.1 INtrOTUGCION. ... e e 117
0.2 RBSUIS . e e e e e e e 118

6.2.1 Propulsive force acting on local LE membrane, deformation energy and
mean curvature of a growing filament.............ccccvvvviieeciiiiiiiiiiiienneenn. 118

6.2.2 BSER model predicts that flament density is regulated by extracellular
resistane and reveals the physical mechanism that migrating cells sense and
adapt to extracellular load...............iiiiiiiieccc e 124

6.2.3 Protruding velocity loading history dependant is induced by actin
filament density loading history dependant.............cccccoevevieeeeeeveennnnnn. 130

6.2.4 Migrating cell LE circumnavidges obstacles and migrates along the

[OW resiStance Path..........ooooiiii i 132

6.2.5 Directional cell migration is steered by the balancing relationship
between local extracellular resistance, filament density heterogeneity and

local concentration of aCtin MONOMEIS......ceeieneeeeee e, 135

VI



Contents

0.3 DI CUS SION. . ettt et 141

Chapter 7 Elastic Properties of Filopodial/Invadopodial Factin Bundle and
Cell MIgratiOn .....cccceieeecieceieeeeeeeee et e e e e e e e e emnns 147

% R [0 (e Yo (8 o3 o] a AU 147

7.2 Threedimensional model simulates the dynamic assembling

filopodial/invadopodial Factin bundle...............ooooiiiiieen 147
7.3 RESUILS ...ttt nnne e 150
7.2.LFI1amMeENt AENSITY......uuuiiiiiiiiiiiiiiiit e 151
7.2.2 Densities of crosslinking proteins.........cccoooeeeee e eceeeiiiicieeee e, 155

7.2.3 Nonlinear geometrical deformation of filopodialfadopodial Factin

PDUNAIES.......oo e e 159

7.4 DISCUSSION......uiiiiiiiiitiieee et teeeiss ettt et e e e e e e e e e e ammmt e e e e e e e e e e e e e e e e e e e e annane 163
Chapter 8 Conclusions and Future Researches.............ccccccceiiiiiceeennnnnns 165
8.1 CONCIUSIONS.....ceiiiiiiiiiiiiee et 165
8.2 FUtUre reSBChES.......ouiiii e 168
REFEIENCES. ... ..o e e eree e 169



List of Figures

List of Figures

Figure 2.1 Actin filament, intermediate filament and microtubule and their diameters [23].

Figure 2.2 Arp2/3 complex generates branched actin filaments. (a) Arp2/3 initiates a new
actin filament from an exitg one. (b) Lamellipodial branched actin network formed by
Arp2/3 complex for cell motility [50]. (c) Branched actin network generated by Arp2/3

complex for bacterium movement [50]........uuviiiiiiiiiiiiiee e 12

Figure 2.3 Structure of filamiA and its crosslinking property. (&)icrographs of filamin
A molecules show a {dhaped selassociation region [51, 52]. (b) and (c) Structure of
filamin-A and its crosslinking distance [51, 56]. (d) and (e) Filakiorosslinking two

orthogonal actin filaments [51, 56].........uuviiiiiiiiiiiiiee e 15
Figure24J}actinin interactions in focatactmrdhesi ons
i sof or ms actinimisbforms 2 aado3)......U......ccooveeiivieeieceeccee 16

Figure 2.5 The dendritinucleation model for protrusion of lamellipodia [10]. The
dendriticnucleation model for pratision of lamellipodia. External cues (step 1) activate
signalling pathways that lead to GTPases (2). These then activate WAdttoth
syndrome protein (WASP) and related proteins (3), which in turn activate Arp2/3 complex.
Arp2/3 complex initiates a mefilament as a branch on the side of an existing filament (4).
Each new filament grows rapidly (5), fed by a high concentration of présidiumd actin

stored in the cytoplasm, and this pushes the plasma membrane forward (6). Capping protein
binds to thegrowing ends, terminating elongation (7). Aetiepolymerizing factor
(ADF)/ cofilin then severs and depolymeri zes
regions of the filaments (8, 9). Profilin-emters the cycle at this point, promoting
dissociation ofADP and binding of ATP to dissociated subunits (10). Add®in binds to

profilin, refilling the pool of subunits available for assembly (11).......................... 18

Figure 2.6 Lamellipodial branched actin networks formed by actin filaments, Arp2/3
complex, FilamipA & RAGLNI[B3].........c.c.ceevieeeiierieeeeeeee e, 19

1



List of Figures

Figure 2.7 Biological functions of branched actin filament network [8]. (a) Cell migration.
(b) Motility of bacteria. (C) ENAOCYIES .........cccceiiiiiiiiiiiiiiiiiiieeeeeeeeeeee e e e e 20

Figure 2.8 Lamellipodia and branched actin network in it for cellular mobility. (a) Sheet
like Lamellipodia of migrating cancer cells [82]. (b) Branched actin network structure in

the front part of lamellipodia [94]).......ovvviriirii 21

Figure 2.9 Filament length stributions in branched actin network in lamellipodia of
MIgrating Cell [95, 96].......uueiiiiiiii e 22

Figure 2.10 Multiple branching of actin filaments in lamellipodia; scale bar: 0.5 um [27].

Figure 2.11Structure of the lamellipodial branched actin network near tdirlg edge of

MIGFALING CeIIS..... e e e e e e 25

Figure 2.13 Lamellipodium drives cell migration through confining extracellular

I Ted (o 1] RN/ 10 a1 0 411 1 &P 29

Figure 2.13 Large bending deformation of branched actin filaments at the leading edge of

lamellipodium from published @erimental tomogram [145]..........cccccceeeiiiiiinnennnn. 33

Figure 2.14 Filopodia and-&ctin bundles. (a)-&ctin bundles in cell [161]. (b) Electron
microscopy image of filopodia in a migrating cell [162].(c) Electron microscopy image of

filopodia extensions of NEUrONS [158].........uuiiiiiiiiiiiiiiieee e 35

Figure 3.1Stochastically created actin filaments with barbed end polymerizing forward
based on the spherical coordinate system (shadow areas are the preferential angle with

respect to the cell MoviNg dir€CtioN)............ccooiiiiiiiiiiee e 46

Figure 3.ZThe dendritic structure createy Arp2/3 complex nucleating and branching out
from existing filaments stochastically in our model; the inserted figures (a) and (b) are
experimental images of branched actin filament from ref. [145] and ref. [180], respectively.

Figure 3.3 Schematic opation of generating actin filaments, Arp2/3 complex and
crosslinking proteins (filamiA  a radtinit) on the boundaries of a periodic RVE model.

Xl



List of Figures

Figure 3.4A representative volume element (RVE) model of the branched actin network
(red: actin filament blue: Arp2/3 complex; yellow: filamiA ; g r -actinm). Thid
model is periodic in they-plane. Its side lengths in both the x and y directions are 1000nm
and thickness in thedirection is 200nm, which is the typical thickness of lamellipodia.
Thex, y andz directions are the transverse direction, cell migrating direction andfout

plane direction, reSPECHIVEIY..........ooviiii i 48

Figure 3.5 Numbers of Arp2/3 complex, filaretn a nadc tU n i fin tieeexyplare m
Of tNE MOMEIS. ... e e e 50

Figure 4.1 The relationshipbeve en Youngo6és modul i and actin f

lamellipodial branched actin networK.o u n g 6 s Emro theutrbnsverse directiox (
direction in Fig. 3.4 in chapter 3[, in cell moving directiony direction in Fig. 3.4 in
chapter 3) ancE, in the outof-plane direction £ direction in Fig. 3.4 in chapter 3),

TESPECTIVEIY ... 65

Figure 4.2 The relationship between shear moduli and actin filament density of the

lamellipodial branched actin networ&hear moduliG,, in the xy-plane,G,; in theyz

plane ad G;, in thexzplane in Figure 3.4 in chapter.3.............ccccocoviiiiniiinninnn 66

Figure 4.3Poisson's ratios are defined gs= €/ ¢where € is the strain in the
direction when uniaxial stress is applied in thelirection...............ccccceveeeeveeeeenenen. 67

Figure 4.4 The di mensi onl e s snchddoaatinigetwerk and s hee
when the Youngds modQl a9l hnacthe Youamést mod s

of crosslinking proteins i40E, or 0.1E_, respectively. (Q, ; (b) E;; (c) E;; (d)
G,,; (€)G,,; (f) G,,. Note that to explore whether the actin filaments erctiosslinking

proteins dominate the stiffness of the branched actin network, the results are normalized by

the Youngdés or shear modulus of the branched

actin filaments and crosslinking proteins &g and E; . Itis found that the normalized

values are all more or less constant under the variations of actin filament densities, which

indicates that under all the actin filament densities, the stiffnesses of the branched filament

Xl



List of Figures

networks are primarily dependent o thtiffness of the actin filaments and less sensitive

to the stiffness of the crosslinking Proteins...........cvvvvee i 70
Figure 4.5 Successive branching generations in dendritic structure.................... 73

Figure 4.6 The relationship between Young6s
branching generations from a mother filament of the lamellipodial branched actin network.
............................................................................................................................... 74

Figure 4.7 The relationship between shear moduli and the number of successive branching

generations from a mother filament of the lamellipodial branched actin metwo.....74
Figure 48P 0i ssond6s ratios under the comp#dessive fo

Figure 4.9Arp2/3 complex densityl,, r egul at es the Youngds modul i

ACTHIN NEEWOIK.....eeiiieiee et e e e e e e e e e s tee e e s saaeeeeannneeeeans 78
Figure 4.10Arp2/3 complex densityl,,, regulates the shear modafithe branched actin
100 4 ST SPP 79
Figure 4.11Mises stress distribution in the local structure of the netwark.............. 79

Figure 4.12Arp2/3 complex densityl,, r egul at es t he Poissonds rat.i

ACTIN NMEIWOTK.. . ettt e e e e e 80

Figure 4.14Maximum density of crosslinking proteins vs. densities of actin filam8bts.
Figure4.15Youngds modul us osslgking prdteins..d.e.n.s.i.t.§ of cr
Figure 4.16 Shear moduli vs. the density of crosslinking proteins,........................ 86

Figure 417 Poi ssonds rati os un dais vs.utinei dansity afl stress

CrOSSIINKING PrOTRINS;....eeiiiiieiiiiiee it e e e 87

Figure 418Compar i son of Yo uinogtdned fram 85008 huenerical mo d u |

simulations for more than 2400 stochastic models under different combinations of filament

Xl



List of Figures

densities and crosslinking dé&nisdelt moeirg. 't shov

direction is much larger than OtherS............cciiiiiii e 87

Figure 419 Filament orientation distribution. (a) Narrow angle pattern (low actin filament

density). (b) £35° angle pattern (intermediate actin filament density){€)/+70° broad

angle pattern (high actin filament denSILy)..........uuvveeiiiiiiiieie e 90
Figure 4.20 Comparison ofth@Yungb6s modul i bet ween the narrow
R 012 11 (] o TP TUPPUPTPRP 91

Figure 4.21 Comparison of the YoumMgé/8° modul i
Proad angle PAIEIN..........ooiieeee s 91

Figure 4.22 Comparison of the shear moduli between the narrow angmptte +35°

pattern and the70/0/+70° broad angle Patter...........cccveeveeeiiiiiiiiieeeee e 92

Figure 4.23 Comparison of the PoOi-79/686/@06s rati o:

Figure 5.1 Lamellipodial branched actin filaments push the bent LE memf@a@artoon
demonstration of lamellipodial polymerizing branched actin filaments pushing against the
curved LE membrane in three dimensions. (b) The interaction between a polymerizing actin
filament and the local LE membrane, which is assumed as anedgliane according to

its local curvature and cell migrating direCtion.............cccveveeeiiiiiiiiiiee e, 102

Figure 5.2 Demonstration of the dynamic interaction between the polymerizing actin
filament and the local LE membrane in the deformation plane in figure 5.1b. (a) Actin
filament tas a pointontact with the local LE membrane. (b) Actin filament has a line
contact with the local LE membrane. Yellow and green represent the actin flament and the
local LE membrane, respectively is the normal direction of the local LE membrane and

IS parallel With the-aXiS........ccooiiiiii e 103

Figure 5.3 Cartoon demonstration of forces acting on the lamellipodial LE membrane

during cell migrating in extracellular microenvironment.............ccccceeeeeeeeeeeeennn. 109

Figure 6.1 Evolution of the force interaction between polymerizing actin filenaew the

local LE membrane. Here the local LE membrane is assumed unmovable due to the

XV



List of Figures

constraint of extracellular confining microenvironment. (a) Propulsive force for cell
migration acting on the local membrane under the polymerizations of actin ftkaumitim
time. (b) Deformation energy of polymerizing actin filaments. (c) Mean bending curvature

of polymerizing actin filaments............cccuiiiiiiiiicei e 121

Figure 6.2Evolution of the force interaction between actin filaments and the local LE
membrane during the LE membrane ingvforward with step by step. (a) The propulsive
force of actin filaments when the LE membrane moves forward. (b) Deformation energy
of actin filaments when the LE membrane moves forward. (c) Mean curvature of actin

filaments when the LE membrane movesMard..............ccoovveeeieeieieeieeeee e 123

Figure 6.3Spatial and temporal interaction evolutions while polymerizing lamellipodial
branched actin filaments of a migrating cell drive the LE membrane protrusion under
constant and fluctuating extracellular resistances. Here we select a fréume

250- 700 m:for comparison. (a) Comparison of polymerizing actin filament densities
under constant and fluctuating extracellular resistances. (b) Comparison of the LE
membrane protruding velocities of a migrating cell under constant and fluctuating
extracelllar resistances. (c) Comparison of the propulsive forces of a migrating cell under
constant and fluctuating extracellular resistances. (d) Comparison of the deformation
energies stored in polymerizing branched actin filaments of a migrating cell undemtons
and fluctuating extracellular resistances. (e) Experimental result of LE protruding velocity
reactions of the polymerizing branched actin filament under fluctuating external load in ref.
[144]. Note that, the different time scales in (b) and (e) aectd different polymerization

rates of actin filaments because our simulatioim igivo context while the experimental
result is based on an vitro constructed branched actin network. The polymerization rate
of actin filaments can be influenced by war$ factors, such as concentration of actin
monomers [113]. Thus, the different time scales do not interfere with the comparisons of

the COrreSPONTING FESUILS.......cciiiiiiiiiii et 129

Figure 6.4 The architecture of lamellipodial branched actin network generated from our
spatbotemporal model simulation is very similar to that of experimental measurement. (a)
Histogram of migratingplane angle between actin flaments and the migrating direction

obtained from our spatiotemporal simulation model. (b) Histogram of migrpkamge

XV



List of Figures

angle between actin filaments and the migrating direction experimentally measured from

Xenopus keratocyte lamellipodium in ref. [123)........cooooiiiiiiiiieeeeee 129

Figure 6.5 The LE of a migrating cell circumnavigates obstacles or very high extracellular
resistance regions whichdnhcounters. (a) Protruding distance of the local LE membrane.
(b) Polymerizing branched actin filament density. (c) Cartoon demonstration of our
simulation result that LE opens a channel form the weak region and circumnavigates

obstacles and high reSiSNregioNS.........ccovvviiiiiiiiiie e, 135
Figure 6.6Cartoon demonstration of two directional protrusions of a migrating.ce89

Figure 6.7Spatial and temporal local protruding behaviours of migration cell and self
assembling of local branched actin filaments in Cases A. (&uBog distances of local

LE membranes. (b) Protruding velocities of local LE membranes. (c) Local propulsive
forces generated by polymerizing actin filaments. (d) Local densities of actin filaments

pushing against the local LE membrane............ccccooviiviiiieiieeiiiiiieciecceeeeeee e aeeenn 140

Figure 6.8Spatial and temporal local protruding behaviours of migration cell and self
assembling of local branched actin filaments in Cases B. (a) Protruding distances of local
LE membranes. (b) Protruding velocities of local LE membranes. (c) Local propulsive
forcesgenerated by polymerizing actin filaments. (d) Local densities of actin filaments

pushing against the local LE membrane.............ccccoviviiiieiiiieiieieieiieeeeeeeeee e 140

Figure 6.9Spatial and temporal local protruding behaviours of migration cell and self
assembling of local branched actin filameint€ases C. (a) Protruding distances of local
LE membranes. (b) Protruding velocities of local LE membranes. (c) Local propulsive

forces generated by polymerizing actin filaments. (d) Local densities of actin filaments

Figure 7.1 Model of the filopodial/invadopodiakt€tin bundle. Red, green and blue beams
are act i nactnin &nd faseim, tespectivély. ............................................. 150

Figure 7.2 The rel ati onEéandmeabtieﬁlamemdensﬁyoungﬁs
in the filopodial/irvadopodial Factin bundles. However, here the density of actin filaments
is coupled with the density of crosslinking proteins because the generation of crosslinking

proteins is based on the spatial distance between each pair of actin filaments..153

XVI



List of Figures

Figure7 . 3 The rel ati onshi pE, maltfilaneeetdenstyaf theggds mo d u |
filopodial/invadopodial Factin bundles................cccoviiiiiiiiiiii e, 154

Figure 7.4 The rel at i orEsdndfppaménedensig/eoitheYoungédés m

filopodial/invadopodial Factin bundles when the detysof crosslinking proteins is kept

CONSTANT. . =5 ettt et e s et e e e et e e e e ettt e e e et e e e s aaaeeas 155

Figure 7.5 The rel at i ons hyiapdthe kindiwgedensityofhe Young

crosslinking proteing”, in the filopodial/invadopodial factin bundles................... 157

Figure 7.6 Deformation states and Miseesd distributions of the filopodial/invadopodial

F-actin bundle after applying a uniaxial compression in the protruding (longitudinal)

direction. (a) The density of crosslinking proteins is 5. (b) The density of crosslinking

PPOLEINS 7 1S L2, .uuiiiii ittt e e e e e e e e e et e e e e e e e earraeeeeeeans 158

Figure 7.7 Comparison of nonlinear geometrical deformation behaviours of
filopodial/invadopodial Factin bundles with straight and undulated actin filaments. The
lengths and radiuses of filopodia/invadopodia are 3um and 80nm. There are 36 actin

filaments in thdilopodia/iNvadopodia............coouiiiiiiiiiiiiniiie e 161

Figure 7.8 Comparison of the deformation states and Mises stress distributions of the
filopodial/invadopodial Factin bundle. (a) Filopodial/invadopodiatdétin bundle with
undulated actin filaments. (b) Filopodial/invadopodtahctin bundle with straight actin
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Figure 7.9 Impacts of the densities of actin flament and crosslinking proteins on the

nonlinear geometrical deformation behaviours of filopodial/invadopodégati bundles.
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Chapter 1 Introduction

1.1 Research Background and Objectives

Cells are physical objects, whigperform their biological activities, such as
migration,endocytosisgrowth and mitosis, throughteractng with extracellular
environmentdy generating, sensing, transmitting and overcoming f¢ic8% In
vivo, cells are exposed to thrdemensionh complex mechanicaéxtracellular
microenvironments includinigydrostatic pressure, shear stress, compressive stress
and tensile streg8-7]. Cytoskeletonis the dominant player of cell mechanical
behaviourd8]. It not only provides mechanical suppantdaegulates morphology
of cells but also generates forces for dathlogical functions In eukaryotic cells,
there are mainly thretypes of cytoskeletal biopolymeraamely,actin filaments,
microtubules and intermediate filameifls 9, 10] Theyareassisted by various
binding proteins organig into different kinds of networksuch as branched actin
networks, crosslinked actin networks and parallel actin burj@llesThese actin

n e t womekhariical properties and interactions with extracellulatrixna
determine cell behaviosirregulate cell differentiationmodulate cell fateand
functionand direct tissue developmdtfit 5, 7, 9]

Migration is one of the most important fundamental function of cells. It involves
in many physiological and patholagl processes, such asmbryonic
morphogenesis, wound healirm@ncer metastasis, tissue renewal and autoimmune
disorderg2, 9, 11] There are mainlywo kinds of cytoskeletal networksdriving
cell migration[9]. Thefirst one isthebranchedactin netwok, whichis a sheetike
structureand exists in lamellipodia. The second ondilgpodial/invadopodial
filamentous actin(F-actin) bundle, which is a fingéike structure and exist in

filopodia and invadopodiaThey not only generateropulsive forces by actin
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polymerizatiors but also provide crucial mechanical suppdar propellingcells
migration through extracellular matrix or adjacent d@ljsl2, 13] Thus theelastic
properties of thee actin filamennetworkslargely determine whether cellsrca
overcome extracellular barriers and split a channel in the confining extracellular
microenvironment to migrate throud, 14, 15] In addition, when cells migrate

in threedimensional heterogeneous aiminplexextracellular microenvironments,
these acti filament networks also provide significant mechanical sensations and
navigate cell migratory pathg16-18]. However, even though extensive
experimental studies i@ been performedthe elastic properties of these actin
networksand the underlyingundametal physical mechanisncontrolling cell
migrationremain poorly understodd5, 17, 19] The major challenge for studying
them is that during cell migrationthesein vivo actin networks are in highly
dynamic and seldssemblingstochastic states by remalelling with various
intracellular proteinsand sensitively interacting with variable extracellular
microenvironmentsTo reveal the physical mechanisrog cell migration the
macroscopic cell migration behavisuand the microscopic elastic properties of
these assembling and disassembling actin networks should be probed

simultaneously.

Recently, biological scientists jointly appeal for building predictive
spatiotemporal cell models to open new dimensions in biological research [20].
Constructing predictie modes at the intersection of biology, mathematics, physics
and computer science is an important way to perform quantitative analysis and
elucidate the underlying mechanisms of complicated biological questioi22]20
In this researchhy constructinghe spatial and temporal models thie branched
actin network in lamellipodia anthe F-actinbundle in filopodia/invadopodia, the
underlying biophysical mechanismof cell migration and how migrating cells sense
and adapt to mechanically heterogeneousaegtiular microenvironments are
studied
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The main objectives and contributions of this research consist of the following
five parts, which are demonstrated in five chapters (Chap®r Rspectively.

They are:

1. Develop codsto construct theontinuum mehanicsbasedhreedimensional
selfassembling spatiotemporal model tife lamellipodial branched actin
network. In this model,key intracellular progins and theirstochastic
assembling reactiorezerealisticallyconsideredThe microscopic geometrical
propertieof lamellipodial branched actin networégulated by each individual
proteins during cell migration can be obtaingéte relationships between the
selfassemblinglensites ofactin filaments, Arp2/3 complex and crosslinking

proteinsare also imestigated

2. Study the elastic properties of the lamellipodial branded actin network with
finite element method (FEM). Demonstrate the mechanical roles of individual
intracellular proteins in regulating the elastic properties of theassémbling
network during cell migration.Reveal the intracellular regulatory physical
mechanism of how the lamellipodial branched actin network support cell

migration through heterogeneous mechanical extracellular microenvironments.

3. Propose aheoreticaldendingstraighteinge |l ast i ¢ rat chet 6
based on geometric nonlinear deformation of continuum solid mechanics
explain how migrating cells propel their leadisgige (LE) membrans to
protrude in extracellular microenvironments. Develop the-asdembling
spatotemporal mathematical model of the polymerizing lamellipodial branched
actin filamentspoweringthe LE protrusion under heterogeneous extracellular
microenvironmentThis mathematical model systematically encompasses the
highly dynamic actin polymerizatnh, capping protein inhabiting filament
growth, largescale deformation of actin filaments, curved LE membrane,
deformation dependent Arp2/3 complex branch nucleation, breaking of

molecular linkers and varying immediate extracellular resistance.
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4. By applyig the theoretical BSER model to the spatiotemporal protruding
model, perform largscale numerical simulations to realistically simulate the
polymerizing and seldssembling lamellipodial branched actin filaments
driving the LEs of migrating cells to progle in different extracellular
mechani cal mi croenvironments, and study
protruding behavioursPredict cell migration behaviours aneveal the
underlying fundamental biophysical mechanismb@# migrating cells sense
and adap propulsive force andthe migratory path to extracellular

microanvironmens.

5. Construct theeontinuum mechanieBased threelimensional model of fctin
bundle in filopodia and invadopodia. The initial undulagedmetrief actin
filaments and crosslinkg proteins induced ermal excited bending motions
are carefully considered. Investigate the elastic properties of the
filopodial/invadopodial F-actin bundles regulated by actin filaments and
crosslinking proteins. Explore the winvadopodia and filopdia are important
for invasive metastatic cancer celd why filopodia are required for
neurogenesis in cortical neuronBecipher thesignificant complementary
functions of filopodial/invadopodial F-actin bundles andlamellipodial

branched actin netwks on cell migration.

1.2 ThesisOrganization

This thesis is organized as follows:

Chapterl gives brief introductions of the research backgrounds, objectives,
methods and organization of this research.

Chapter 2presents a literature reviewof intracellubr proteins,lamellipodial
branched actin network,-&ctin bundles inand their mechanical roles in cell
migration The most challenging questioregarding cell migrationat presenare

also illustrated.



Chapter 1 Introduction

Chapter 3 demonstrat¢he procedure for develogithe threedimensional seif
assembling spatiotemporal model of lamellipodial branched actin network by
considering key intercellular proteins and their stochastic binding reactions. It also
shows the periodic boundary conditions applied to the representatlume
element (RVE) model.

Chapter 4 investigatdle elastic properties of th@mellipodial branched actin
network with FEM based on the model developed in Chapter 3. The mechanical
roles of intracellular proteins in cell migration are analyaad the underlying
physical mechanisms of published experimental results are revéaleuysical
mechanism that lamellipodial branched actin network adaptarying external
loads for supporting cell migration in heterogeneous extracellular

microenvironmert is deciphered.

Chapter oroposea t h e obenelihgsti@ighteninie | ast i ¢ ratchet 6 (
model to explain the LE membrane of migrating cells protruding in extracellular
microenvironments. Thethe spatial and temporal lamellipodial protruding elod

of migrating cells is developed in this chapter.

Chapter 6 performs larggcale simulations of lamellipodium protruding in
heterogeneous extracellular mechanical microenvironments with the
spatiotemporal model in Chapter 5 by applying the theoreticBRB®odel.Cell
migration behaviours reported by published experimental results are predicted. Two
fundamental biophysical mechanisms of how migrating cells sense and adapt their
propulsive force tahe heterogeneous extracellular microenvironment and how
migrating cells navigate their migratory paths in the heteremen extracellular

microenvironment are revealed, respectively.

Chapter 7ntroduces the procedure for constructing the filopodial/invadopodial
F-actin bundle model andvestigate its elasticrpperties withFEM. The roles of
intracellular proteins in regulating thedetin bundle stiffness are quantitatively

delineatedIn addition, the importance of&ctin bundle for invasiveehaviours of
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cancer cells andnheuritogenesis of neurons is analys@his chapter also
demonstratetow filopodial/invadopodial factin bundle and lamellipodial actin

network complementarily drive cell migration.

Chapter 8 summarizes the main conclusiohshe biophysical mechanisms
underlying cell migration obtained this researchAdditionally, this chapter also

presents reearch limitations and recommendations for future research work.
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2.1 Biopolymers

Cytoskeleton composed of different kinds of biopolymers provides the mechanical
suppots, generates forces and regulates morphological features of cells. In
eukaryotic cellsas shown in Fig2.1, there are mainly three kinds of cytoskeletal
biopolymers, which are actin filaments, microtubules and intermediate filafhents

9, 10] Theyareassisted by various binding proteins orgargznto different kinds

of cytoskeletalnetworks whose mechanical properties and interactions with

extracellular matrix determine cell behavigunodulate cell fate and direct tissue

development and postnatahction[3-7, 17, 18]

W $7-9nm

F-actin

518-12 nm

25 nm

Microtubule

Figure 2.1 Actin filament, intermediate filament and microtubudad their
diameterg23].
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2.1.1 Actin filament

Actin filaments are doubistranded helical twists with diameters of 7~9[®in, as
shown in Fig. 2.1Theygrow byadding actin monomers to their ends, i.e., actin
polymerization24]. Actin filaments are polar polymers and have two emdsch

are named barbed end and pointed &hd.barbed end imuch more active in actin
polymerization and thus its elongation ret&0 times faster thathat ofthe pointed
end[25]. By connectingwith various crosginkers, actin filaments highly organize
into different kinds of networks, such as isotropiosslinked actimetworks,
bundled actin networks and brancheactin netwaks, and greatly promote the
stiffness of cells. In different kinds of networks, they exhibit different lengths,
ranging from several decadesnometreto more than temicrometresin order to
conduct different biological function. Organized networks aotin filaments
determine cell stiffness and transmit force during mechanotransduction, cytokinesis,

cell motility and other cellular shape chan@es3, 9]

Thebending stiffness of actin filaments can be describgtheratio relationship
between theicontour lengthL, and persistendength L, [26]. The contour length

is the length oftompletely extendedctin filamens. The persistence length is
defined as the length over which actin filament are undulated under thermal
fluctuations and it reflects théexibility of a material[23, 26] When the contour
length is much larger than the persistence length, actin filaments are flexible and
their deformations under forces are mainly due to conformational changes.
However, when the contour length is muchrsrahan the persistence length, actin
filaments are very stiff antheir deformatios are because of the straining of
molecular links from equilibrium staf26]. In cells, actin flamerstare regarded as
semiflexible because their contour lengdhl¢10e m[27] is comparable to their
persistence length3(~ 1 7 ) sacnthat its bending stiffness favors a straight

conformation and can just outcompete the entropic tendency of a chain to crumple



Chapter A iterature Review

up into a randontoil [23, 2830]. The experimentameasuremestshow that
Youngods modul us of 1-2GPH23,181]dnd ils dscoelasticky i s abou

is negligible in millisecond time rang@g1].

Table 21 Dimensions and persistence lengthsafularbiopolymerg23]

Type Approximate dameter Persistenceshgth Contour length
Microtubule ~25nm ~1-5mm 10s ofe m
Actin filament 7-9 nm 317 &m O 2m
Intermediate filament 8-12 nm 021 &m 2-10e m
DNA 2nm 50 nm oOn

2.12 Microtubule

As shown in Fig. 2.1, the diameters of microtubules are &fouin [23]. They are
stiffest among the three types intrackdhbiopolymers antheir persistence length
are about 5 mm [32]. Therefore, microtubules can serve as linear tracks for
intracellular traffis [32] The assembly and disassembly dynamics of microtubules
are very complex. They can abruptly switch betweenods of growth and
shrinkageto meet cell functiong33-35].

2.1.3 Intermediate filament

Intermediate filamenderives its name because of its diamé&ey. 2.1) which is
anintermediatesizebetween the diameters of actin flaments and microtubule [36

It is the most flexible among the three kinds of intracellular biopolymers. In cells,
intermediate filaments are much more effective to resist tensile force than
compressive force [1]. They can be crosslinkgth each otheror with actin
filaments andmicrotubulesby crosslinking proteins to form networf®7]. Many

cell types assemble intermediate filaments in response to mechanical stresses, for
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example airway epithelial cells, in which keratin intermediate filaments form a
network that helps cell®tresist shear stre§38]. One class of widely expressed
intermediate filament, consisting of polymerized nuclaaninas contributes to the
mechanical integrity of the eukaryotic nucleus, and phosphorylation of nuclear
laminasby cyclinrdependent kinasehelps trigger nucleanvelope breakdown at

the beginning of mitosig89]. Unlike microtubules and actin filaments, intermediate
filaments are not polarized and cannot support directional movement of molecular

motors[40].

2.2 Actin binding proteins

There are various types of actiinding proteins in cell1]. They bind on actin
filaments, intermediate filaments and microtubutesconnect them together
forming different cytoskeletal networksr regulate their dynamic behaviours
However, in this thesj only Arp2/3 complex, filami# , -adtinin fascinand
capping proteinwhich participate in building the actin networks for cell migration,

are introduced.

2.2.1 Arp2/3 complex

Arp2/3 complex (actifrelated proteins) has been discovered fby@ars[42]. As
shown in Fig. 2 (a), its main function is to initiate a new daughter actin filament
by an angle of ~70° from an existing mother actin filament and to form branched
filament networks [43, 44] which drives lamellipodia protrusipnvesicle
trafficking and pathogen mobility45]. Malfunction of Arp2/3 complex for
generating branched network is closely associated with various kinds of human
disease, such as defects in blkaedl function, problems of immunological synapse
and cancer cell spreadifg6]. The crystal structure of Arp2/3 complex is a flat

ellipsoid withageometrical size ai5nmlong, 14nmwide and7-10 nmthick [47,

10



Chapter 2 Literature Review

48]. The branched junctions created by Arp2/3 complex are relatively rigid under
thermal fluctuation$49]. Experimental stdies found thatArp2/3 complexes can

be classified into two groups, namely Arp2/3high with kégiivity subunits and
Arp2/3low with lowactivity subunits[45]. Arp2/3high displayed low intrinsic
stability of branches in vitro, while Arp2/3low generatedrizthes were more stable
[45]. Arp2/3 complex is an important actin nucleating molecular machine in
eukaryotes [44]. It generates branched actin networks, which play essential roles in

cell migrations and bacterium motili(fFig. 2.3 (b) and (c))

a
(+) end
Arp3 Conformational 70° (+) ond
Arp2 change
P
' - R 2 R _B | BRI e

WASp
activation
domain (—) ond

Plasma membrane

VASP

‘® Profiin @ Actin & Arp2/3 complex <4 Capping protein @ Cofilin YFilamin

11
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Bacterium

(P Profiin @ Actin &( Arp2/3 complex < Capping protein @ Cofilin ” a-Actinin

Figure2.2 Arp2/3 complex generates branched actin filamentsAr{@d/3 initiates
a new actin filament from an existing offle) Lamellipodial branched actin network
formed by Arp2/3 complex for cell motility50]. (c) Branched actin network

generated by Ar2/3 complex for bacterium movemdg8g0].

2.2.2 Filamin-A

Filamin was purified in 1975 as the first rotuscle actirbinding protein and it

plays a significant role in cytoskeleton by crosslinking actin filaments into networks
[51-53]. As shown in Fig. 2b, filamin-A cooper ates with Arp2/ 3
actinin to formthe branched network and stabilize itlamellipodia As presented

in Fig. 23 a-c, filamin-A comprises of two 289kDa subunits that sedEociate to

form a ~160nm long semilexible strand Each FLN subunit has an-términal

spectrinrelated actiro i ndi ng domain (sr ABD-pleattdo!l | owed
sheet unitsTwo interveningcalpais e nsi ti ve Ahingeso separate
1 (repeats115), rod 2 (repeats 183) and the seldssociation domain (repeat 24)

[54, 55] The angle between the two FLN subunit is 80°~90° and the shortest

distance between the twetdrminal sSrABDs is ~5@m[51]. The distance between

the two rod 2 ends is ~30n[52]. Filamin-A crosslinks two nearly ortigonal actin

filaments (Fig. 2d ande) [51-54, 56, 57] Rod 1 is flexible and it has two binding

domains, namely, ABD and repeatl9 (Fig 23 b-€). Rod 2 is shorter and more

12
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compact than road 1 and can still bind partners when FLNa attachestio. Rod

2 domain may be able to unfold and is likely to contribute to the increased elasticity

upon large straif51].

A

bendpogdbdohet present

bet ween

(hinge 1, H1 in Fig. 3b), which contributes to the high elasticity of {steessed

FLNa/Factin networks[51, 57] Flexible rod 1 domains may increase the

likelihood of locating filaments to a crosslif&2]. The GT accounts for rigid

crosslinkg51].

a

?d"

$
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Figure2.3 Structure of filamirA and its crosslinking propertya) Micrographs of
filamin-A molecules show a i$haped dé-association region [51, 52]. (b) and (c)
Structure of filamirA and its crosslinking distance [51, 56]. (d) and (e) Filafin

crosslinking two orthogonal actin filaments [51, 56].

2.2.3Uactinin

Alpha -actinin is a ubiquitously conserved protein that crosslinks actin filaments
and it has 4 isoforms. As shown in Rigl U-actinin isoforms 1 and 4 in nanuscle

and smooth muscle cell connect diverse orientational actin filaments, while
isoforms 2 and 3 skeletal and cardiac muscle crdisgk two antiparallel actin
filaments [58-62]. In branched actin filament networkkactinin connects two
parallel branched actin filamenig, 27, 63] The total length and diameter 0f
actinin rod are30~35nm and 35nm respectivel\[55, 5862, 6466]. U-actinin
crosslinkers preferentially oriented at 0°, 60°, 90°, 120°, or 180WhedU-actinin
bounds to actin, itéength can vary by more than 5.5 ri6R]. Therefore, the
connecting distance of actinin is ab@4tto 40 nm. Experimental measurements

showedhat the minimal longitudinal spacitge t we e n t waztiniaalopga c e n t

15
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actin filaments is 3hm[67]. In addition, theunbinding force between a single actin

filament andan U-actinin is in a range of 1197 pN [55, 68]. In experiments,
Ehrlicher et al. i nvest i g aacteidwithacen ef f ect
filament on cellular meckmacs and their results showed that increased binding

affinity of U-actinin increased the cellular average contrastiless from 1.8 + 0.7

to 4.7 + 0.5Pa [69].

membrane

Figure2.4 U-actinin interactions in focal adhesions and in striated muscle (&8]

Uactinin isof eactimirsisofbbrmaadd34. (b) U

2.2.4 Fascin

Unlike filamin-A and U-actinin,whose Factin bindng domains are separated by a
molecular rodfascin is a globular protein and has a diameter®hB [64]. It uses

f our t-&dfod domainb to bind factin [64]. Fascinmainly crosslinks two
parallel actin filaments to form-&ctin bundles. It lodazes in filopodia and
invadopodia to facilitate cell migratioasd has a similar stiffness of actin filaments
[70]. The crosslinking distance of fascin only Bak5nm and is much shorter than
t h a t -actinin [64) 70] Therefore, in filopodial/invadamial Factin bundles,
fascin cooperatew i t -hctinld to generate and strengthen theseti bundles

[64, 70].Moreover, fascin also interacts with nuclear envelope protein Ne3poin

16
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promote cell nucleus invading through confined spd@éds 72] Cdlectively,

fascinplays a key role in cell migration.

2.2.5 Capping proteins

Capping proteins bind to the growing ends., barbed endsf actin filaments to
terminate their elongation vivo experiments showed that the concentration of
capping prtein significantly affects cell motility through controlling actin
assemblind73]. Thus, capping protein is an important component in the various
dynamic actin structuref74]. Capping proteins keep branched actin filaments
shorter and denser so that thegn provide sufficient mechanical support and

propulsive force for pushing cellular membrane forwjaid

2.3 Cytoskeletal actin networksfor cell migration
2.3.1 lamellipodial branched actin network

2.3.1.1 Formation of branchedactin network and its related biological

activities

Branchedactinnetwork is created by Arp2/3 complexp2/3 complexbinds to an
existing actin filament, and then a new filament grows and polymerizestfybéj.
However, this process is extremagmplicated,and a great nunaps of proteins
participate in it. Pollard et al. proposed a dendnticleation model, which is
shown in Fig. &, to illustrate the formation process thie branched network in
lamellipodig[10]. In this model, the process of protrusion of lamellipoeéiasgated

by thebranched network is divided into eleven stgit§. The above branched actin
filament networks activated by the Arp2/3 complex are some independent
subnetworks, which are seeded by different prirf@tsTatyana M. Svitkina et al.

found tha, even though Arp2/3 complex was the primary binding protein, other

17
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crosslinking proteins, namelyJ-actinin and filamirA, also presented in the
branched network in lamellipodja7, 75] FilaminA a n attinid connect these
independent subnetworks &ther and organize them into a highly integrated
branched networl, 76, 77] Peter Bieling et al. recently studied the stabilization
effects of filaminA andU-actinin on branched actin filament network respectively,
and they found both of the crossling proteinsstiffen the branchedctinnetwork
[50].

6 Growing filaments push
membrane forward

2 Produce active
1 Extracellular GTPases and
stimuli PIP,

5 Barbed
ends elongate

7 Capping protein
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3 Activate D Q
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complex to initiate

new filaments
o Activated GTPases

and PIP,
&P WASP/Scar Q%
< ADF/cofilin s2 8 .
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Figure2.5 The dendritienucleation model for protrusion of lamellipodi]. The
dendriticnucleation model for protrusion of lamellipodia. External cues (step 1)
activate signalling pathways thaatbeto GTPases (2). These then activate Wiskott
Aldrich syndrome protein (WASP) and related proteins (3), which in turn activate
Arp2/3 complex. Arp2/3 complex initiates a new filament as a branch on the side
of an existing filament (4). Each new filamembgs rapidly (5), fed by a high
concentration of profilifoound actin stored in the cytoplasm, and this pushes the
plasma membrane forward (6). Capping protein binds to the growing ends,
terminating elongation (7). Actidepolymerizing factor (ADF)/cofilithen severs

and depolymerizes the ADP fil ament s,
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(8, 9). Profilin reenters the cycle at this point, promoting dissociation of ADP and
binding of ATP to dissociated subunits (10). ABetin binds to profilinyefilling

the pool of subunits available for assembly (11).
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Figure 2.6 Lamellipodial hanched actin networks formed by actin filaments,
Arp2/3 complex, FilamimA  a nadtinin]63].

The branchedctin networks, as shown in Fig.&.are not isotropic, kduwith
most of barbed ends toward one direction. This effect is closely reiatind
biological functions of branchedctin networks in cellsExcept for providing
mechanical supportsydnchedactin networksalsogenerate pushing forces by the
polymerizations and elongations of their barbed ends. Therefore, they play key roles
in cell migrations, endocytosis and propulsions of bacteria through cytofffagm
2.7) [8]. The branchedctinnetwork forms lamellipodia in cells and its mechanical
behaviours dtermine cellular mobility (Fig. Za), which involves various
significant biological processes. For example, immune cells move to capture and

destroy pathogens or pathological cell. Cells of animal embryos crawl from one
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location in the body to anothera@cer cells spread through the body. Nerve cells
grow processes up tb m long to find their targets and the formation of spine
synapsef8, 78]. When bacteria invade cells, they use cellular proteins to assemble
a comet tail (Fig. Zb), which is composedf branched filament netwosk The
polymerizations of actin filaments in the branched network provide propulsion
forces for bacteria swimming in cytoplasm. In addition, in the process of
endocytosis, the branched network generates force to deform menubiariktate

substances to enter cells (Figri@.[79].
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Figure 2.7 Biological functions of branched actin filament netw@8k. (a) Cell

migration. (b) Motility of bacteria. (c) Endocytosis.
2.3.1.2Architectures of lamellipodial branched actin network

Lamellipodia is a shedike protrusion structure of csl(Fig. 28a) and regulates
directional cell migratior§16, 80] It is formed by highly branched actin filament
network, which is mainlygeneratedby Arp2/3 complex with angles of
approximately 70°The thickness of lamellipodia is normally2qum [12, 81-87].

The length of lamellipodia, which is in the direction of from leading edge to the
nuclear region of ced) iscommonly in the range ofpfim and 181m [83]. However,

the branched actin filamenttwork exists in the firsdbout 4um region from the
lamellipodia tip[27, 88] The width of lamellipodia along the leading edge is in the

range of 20~5@m [85]. Branched actin filament network in lamellipodia provides
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significant mechanical support dpropulsive force for the movement of cells.
Therefore, actin filament length is an important parameter for studying the
mechanical properties of the branched network. For example, Mackintosh and Dvid
using bulk rheology presented that linear moduluslafment network increased
proportional to the square of the actin filaments lef@®h. Laurent Blanchoin, et

al studied the correlation between filament lengths and the concentrations of
proteins for branching and they found filament length was invepseportional to
branch density, namely, with different concentrations of Arp2/3 complex, capping
protein and profilin, the lengths of branched actin filament ranged from 0.7um to
25 um [49]. Recently, Julien Pernier, et al. investigated the lengths ofienot
filaments and daughter branches respectively. Most of mother filaments were about
0.8 um while daughter branches were @rb [90]. However, these experimental
researches about branched filament lengths are all performed in vitro, which has a
big dispaity in concentrations of proteins with the condition in vivo. Within cells,
the typical lengths of filaments range from 10@ to a few microns while lengths

in vitro can be up to 50m [91-93]. Consequently, the values of length obtained in
vitro can nopresent the lengths of branched actin filaments in lamellipodia of cells.

Figure2.8 Lamellipodia and branched actin network in it for cellular mobility. (a)
Sheetlike Lamellipodia of migrating cancer ce[B2]. (b) Branched actin network

structure irthe front part of lamellipodifd4].
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