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Roles of focal adhesion plaques and cytoskeleton in fluid shear
stress-induced mechanotransduction

XING Juan, LUO Yan-feng, LI Yan, LIN Man-ping, YANG Li, WANG Yuan-liang
( Key Laboratory of Biorheological Science and Technology, Ministry of Education, College of Bioengineering,

Chongqing University, Chongqing 400044, China)

Abstract. Focal adhesion plaques ( FAPs) are multi-protein aggregates, which act as physical connections be-
tween extracellular matrix and cytoskeleton (CSK). FAPs and CSK play important roles in the conversion of me-
chanical signals into intracellular chemical signals followed by physiological and pathological responses. With fo-
cus on FAPs-CSK system, this review summarized the process of fluid shear stress-induced mechanotransduc-
tion and the roles of FAPs and CSK in this process in detail, introduced important proteins in FAPs, discussed the
relationship between FAPs and other mechanotransduction pathways. The review established the theoretical
foundation for understanding of the relationship between fluid shear stress and shear stress-related diseases, as
well as development of clinical drug and treatment of these diseases.
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Fig.2 FSS-induced reorganization of F-actin and extension of integrin ligand-binding site ( headpiece)

5 HEWRSHMNESEEHNEKER

R D5 20 M P b HABA LR U SZ 28 7 T RE
AR E PR, AN, A B ) B s e
( mechanosensitive, MS) 3 15 % Y] #H ¢, Hayaka-
wa SEUVRIFY 4 S oK, A0 P MS i T O i
Ca™* FHThE, B Ca>* 8N i T 26 5 B
BT o LD 286 4 SXE 1 2 18 B JHE 55 7 ) 1 4 1 3 42
AUHPY Ca* & BEAY G I D 23452 1k, BLh, FSS 3 7]
i PI3K ISR B A R By, ML S E R E H 43
(connexin 43 ) Y & K& i AH B AE JH, 2 2 i
connexin 43JF i (1238 38 19 P B R T
PGE, ATP \NO iy Bl $2 it 55 1. FSS VR T &
BTG AT 22 AR BRI A2 AR B 1 Al A E Al i
YERS, T B 40 f A= 4 PR 7 32 K2 (FIK-1) 19 3%
A

AT ENS S5 R 5T ME
(mechanosome) " BT AL, Bl {55 /IMA” | B4l
Ji032 21 FSS RN 2 A R 7 b B A 1 A R 03T I
LSRR IR A B, A YA I b 75
SN AL 8 2 DNA R G H bp Ak 5 7%
S, BRI R B, i — AL A (nitric oxide,
NO) . ¥ & 4 fi® ( cyclic guanosine monophosphate ,
cGMP) & % G 1T (protein kinase G 1T, PKG II)
L KPR i SHP-1 SHP-2 4 i 4 i S B A &
PrrliEAL See JF B B, A RME, ZEEY
25 R A M FSS i BT RTRE ST 4

KKV, BRI FE A RE S B-catenin 45K, B-catenin
TE 240 MBS 1 55 45 26 3% 2R R O% , A S 20 M- 2 i
i, FSS AIGIE B 5 5% M 4w 2L, A
2N MAZ IR E bR R 3351 L Santos 25 BF5Y
I ,NO,PI3K DL K& FAK #5£%5 FSS 519 B-
catenin % & {7 i #£, Rangaswami LBl g o %
I, NO-cGMP-PKG IT {1 i) Sre T Ak XF FSS £
T Akt 3G 46D K B-catenin A% 5 o7 AN AT B, 3 A
ESE T B-catenin 225 FSS RN J1 {55 /IMA Y
TR B AT U, 1 SR CEE 4 B N A i S R AR
W IR AR, BRI AR, HEKME
FHHLBEUA TS i — 20 B SEER IR IE

6 Zit

RSO BUAT B9 56 T 3 4 S04 R AR G e
FSS Jy e G VR RIS b AT B A A 94, R A
ZFEHRPHEEEASHNRAESLBERE. H
BT, RIS S o 240 L S5 it B — T3 SRR, A4 A
TRBE 20 A A7 0 — PR DA S 20 IR i
KRB BAZHANE, ARG T MR JES FSS 1k s
8 U1 5% 2R 00 7 BN 58 38 1 SE B A TR IE

H1 T FSS %k Sead B A 52 200, Fos DI A9 VR
HLERAF AT B o QA 58 0 1) T 200 )22 1 114 -
R i) X AN M B e % T 0 A 7 26 1 16
A, 208 52 M) 5 S 2 2 | 00 R L L 8 BRE O TP
J, T FSS 1 5% 5, B 2 — A S iF 58 5K
W o ZETCREN, W B BE-A0 1 2R 0 e LB



m 18.% PER-HERBERREZNSRETVNANESHRER
XING Juan, et al. Roles of focal adhesion plaques and cytoskeleton in fluid shear stress-induced mechanotransduction 297

FTFEABITRA R 2R e 2 AL Bk ok e
B AL AR BRI 7 N 25 MBI A S5 AR S Ak )
HKE

S Lk

(1]

[2]

[3]

[4]

[5]

[6]

[8]

[9]

[11]

SR, WYy, Vs, & MEERE Y ROV AR Tk gy
YU RBAH A TR A mrEA [J]. ERAEY I,
2009, 24(1) : 8-14.

Li DQ, Yang AL, Tang TT, et al. Study on the effects of
flow shear stress in constructing large-scale tissue-engi-
neered bone using a perfusion bioreactor [ J]. J Med Bio-
mech, 2009, 24(1) . 8-14.

Ingber DE. Cellular mechanotransduction. Putting all the
pieces together again [J]. FASEB J, 2006, 20(7): 811-
827.

Makino A, Prossnitz ER, Bunemann M, et al. G protein-
coupled receptors serve as mechanosensors for fluid shear
stress in neutrophils [ J]. Am J Physiol Cell Physiol, 2006,
290(6) : C1633-1639.

Vogel V. Mechanotransduction involving multimodular pro-
teins: Converting force into biochemical signals [J]. Annu
Rev Biophys Biomol Struct, 2006, 35. 459-488.

Schwartz MA. Integrins and extracellular matrix in mecha-
notransduction [ J]. Cold Spring Harb Perspect Biol, 2010,
2(12) : a005066.

Yamada KM, Geiger B. Molecular interactions in cell adhe-
sion complexes [ J]. Curr Opin Cell Biol, 1997, 9(1): 76-
85.

Wozniak MA, Modzelewska K, Kwong L, et al. Focal ad-
hesion regulation of cell behavior [ J]. Biochim Biophys Ac-
ta, 2004, 1692(2-3) ; 103-119.

Harburger DS, Calderwood DA. Integrin signalling at a
glance [J]. J Cell Sci, 2009, 122(Pt2) . 159-163.

Zebda N, Dubrovskyi O, Birukov KG. Focal adhesion ki-
nase regulation of mechanotransduction and its impact on
endothelial cell functions [ J]. Microvasc Res, 2012, 83
(1) 71-81.

Friedland JC, Lee MH, Boettiger D. Mechanically activa-
ted integrin switch controls alpha5betal function [ J]. Sci-
ence, 2009, 323(5914) : 642-644.

XNHE, EEZ, X W YIRS RSN R R
FRRMME TR A Bl G HRIK [J]. BEHAEY I,
2008, 23(6) ; 420-423.

Deng XY, Guan ZW, Liu WQ. Migration and Bl integrin ex-
pression of cultured human trophoblast cells exposed to
flow-induced shear stress [J]. J Med Biomech, 2008, 23
(6): 420-423.

[12]

[15]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Shyy JY, Chien S. Role of Integrins in Endothelial Mecha-
nosensing of Shear Stress [ J]. Circ Res, 2002, 91(9):
769-775.

Jalali S, del Pozo MA, Chen K, et al. Integrin-mediated
mechanotransduction requires its dynamic interaction with
specific extracellular matrix (ECM) ligands [ J]. Proc Natl
Acad Sci U S A, 2001, 98(3) : 1042-1046.

Ueki Y, Uda Y, Sakamoto N, et al.

strain on single stress fibers in living endothelial cells

Measurements of

induced by fluid shear stress [ J]. Biochem Biophys Res
Commun, 2010, 395(3) ; 441-446.

Singh P, Carraher C, Schwarzbauer JE. Assembly of
fibronectin extracellular matrix [ J]. Annu Rev Cell Dev Bi-
ol, 2010, 26. 397419.

Campbell ID, Humphries MJ. Integrin structure, activation,
and interactions [ J]. Cold Spring Harb Perspect Biol,
2011, 3(3): doi;10. 1101/cshperspect. a004994.

Na S, Collin O, Chowdhury F, et al. Rapid signal trans-
duction in living cells is a unique feature of mechanotrans-
duction [J]. Proc Natl Acad Sci U S A, 2008, 105(18):
6626-6631.

Poh YC, Na S, Chowdhury F, et al. Rapid activation of
Rac GTPase in living cells by force is independent of Src
[J]. PLoS One, 2009, 4(11): e7886.

Tzima E, Irani-Tehrani M, Kiosses WB, et al. A mecha-
nosensory complex that mediates the endothelial cell
response to fluid shear stress [ J]. Nature, 2005, 437
(7057) : 426-31.

BB, BEFEM, KK, % g5 F-actin ££)2 55 1)
31755 EPCs W R Ak b e [J]. BEHAE 17,
2012, 27(5) ; 548-554.

Cui XD, Guang XM, Zhang XY, et al. Role of F-actin cy-
toskeleton in differentiation of endothelial progenitor cells in-
duced by laminar shear stress [ J] . J Med Biomech, 2012,
27(5) : 548-554.

Tzima E, del Pozo MA, Shattil SJ, et al. Activation of inte-
grins in endothelial cells by fluid shear stress mediates Rho-
dependent cytoskeletal alignment [J]. EMBO J, 2001, 20
(17) : 4639-4647.

von Wichert G, Jiang G, Kostic A, et al. RPTP-alpha acts
as a transducer of mechanical force on alphav/beta3-inte-
grin-cytoskeleton linkages [J]. J Cell Biol, 2003, 161(1):
143-153.

Qi YX, Qu MJ, Long DK, et al. Rho-GDP dissociation in-
hibitor alpha downregulated by low shear stress promotes
vascular smooth muscle cell migration and apoptosis: A
proteomic analysis [ J]. Cardiovasc Res, 2008, 80 (1):
114-122.

Castillo AB, Blundo JT, Chen JC, et al. Focal adhesion



298

EREYMANFE H£29% H3H 201456 R

Journal of Medical Biomechanics, Vol. 29

No.3, Jun. 2014

[27]

(28]

[29]

[33]

[34]

kinase plays a role in osteoblast mechanotransduction in
vitro but does not affect load-induced bone formation in vivo
[J]. PLoS One, 2012, 7(9) : e43291.

Shi Q, Boettiger D. A novel mode for integrin-mediated
signaling: Tethering is required for phosphorylation of FAK
Y397 [J]. Mol Biol Cell, 2003, 14(10) : 4306-4315.

Lee DY, Yeh CR, Chang SF, et al. Integrin-mediated ex-
pression of bone formation-related genes in osteoblast-like
cells in response to fluid shear stress: Roles of extracellular
matrix, Shc, and mitogen-activated protein kinase [J]. J
Bone Miner Res, 2008, 23(7) : 1140-1149.

Bidwell JP, Pavalko FM. Mechanosomes carry a loaded
message [ J]. Sci Signal, 2010, 3(153) ; pe51.

Wang B, Du T, Wang Y, et al. Focal adhesion kinase sig-
naling pathway is involved in mechanotransduction in MG-
63 cells [J].
(3): 671-676.
Young SR, Gerard-ORiley R, Harrington M, et al. Activa-
tion of NF-kappaB by fluid shear stress, but not TNF-al-

Biochem Biophys Res Commun, 2011, 410

pha, requires focal adhesion kinase in osteoblasts [ J].
Bone, 2010, 47(1) . 74-82.

Orr AW, Ginsberg MH, Shattil SJ, et al. Matrix-specific
suppression of integrin activation in shear stress signaling
[J]. Mol Biol Cell, 2006, 17(11) ; 4686-4697.

Lee DY, Li YS, Chang SF, et al. Oscillatory flow-induced
proliferation of osteoblast-like cells is mediated by alphav-
beta3 and betal integrins through synergistic interactions of
focal adhesion kinase and Shc with phosphatidylinositol 3-
kinase and the Akt/mTOR/p70S6K pathway [J]. J Biol
Chem, 2010, 285(1) : 30-42.

Reilly GC, Haut TR, Yellowley CE, et al. Fluid flow in-
duced PGE?2 release by bone cells is reduced by glycocalyx
degradation whereas calcium signals are not [ J]. Biorheol-
ogy, 2003, 40(6) : 591-603.

Xu H, Zhang J, Wu J, et al. Oscillatory fluid flow elicits
changes in morphology, cytoskeleton and integrin-associat-
ed molecules in MLO-Y4 cells, but not in MC3T3-E1 cells
[J]. Biol Res, 2012, 45(2) : 163-169.

Ladoux B, Nicolas A. Physically based principles of cell
adhesion mechanosensitivity in tissues [ J ].
Phys, 2012, 75 (11 ). doi: 10. 1088/0034-4885/75/11/
116601.

Thompson WR, Rubin CT, Rubin J. Mechanical regulation

Rep Prog

[36]

[37]

[38]

[41]

[42]

[43]

[44]

[45]

[46]

of signaling pathways in bone [J]. Gene, 2012, 503(2) .
179-193.

Hayakawa K, Tatsumi H, Sokabe M. Actin stress fibers
transmit and focus force to activate mechanosensitive chan-
nels [J]. J Cell Sci, 2008, 121 (Pt 4) . 496-503.

DeMali KA, Wennerberg K, Burridge K. Integrin signaling
to the actin cytoskeleton [ J]. Curr Opin Cell Biol, 2003, 15
(5):572-582.

Zhu J, Luo BH, Xiao T, et al. Structure of a complete inte-
grin ectodomain in a physiologic resting state and activation
and deactivation by applied forces [ J]. Mol Cell, 2008, 32
(6): 849-861.

Nambiar R, Mcconnell RE, Tyska MJ. Control of cell
membrane tension by myosin- I [J]. Proc Natl Acad Sci U
S A, 2009, 106(29) : 11972-11977.

You L, Temiyasathit S, Coyer SR, et al. Bone cells grown
on micropatterned surfaces are more sensitive to fluid shear
stress [J]. Cell Mol Bioeng, 2008, 1(2-3) . 182-188.
Batra N, Burra S, Siller-dJackson AJ, et al.
stress-activated integrin alphaSbetal induces opening of

Mechanical

connexin 43 hemichannels [ J]. Proc Natl Acad SciU S A,
2012, 109(9) : 3359-3364.

Wang Y, Miao H, Li S, et al. Interplay between integrins
and FLK-1 in shear stress-induced signaling [J]. Am J
Physiol Cell Physiol, 2002, 283(5) : C1540-1547.

Pavalko FM, Norvell SM, Burr DB, et al. A model for
mechanotransduction The
mechanosomes [ J]. J Cell Biochem, 2003, 88(1): 104-
112.

Santos A, Bakker AD, Zandieh-Doulabi B, et al. Early ac-
tivation of the beta-catenin pathway in osteocytes is media-

in bone cells: load-bearing

ted by nitric oxide, phosphatidyl inositol-3 kinase/Akt, and
focal adhesion kinase [ J]. Biochem Biophys Res Com-
mun, 2010, 391(1) : 364-369.

Rangaswami H, Schwappacher R, Tran T, et al. Protein
kinase G and focal adhesion kinase converge on Src/Akt/
beta-catenin signaling module in osteoblast mechanotrans-
duction [J]. J Biol Chem, 2012, 287(25) : 21509-21519.
B, B, e, dE-r YRR [J]. =
AW f12F, 2009, 24(2) . 79-84.

Lv SQ, Yang F, Long M. Advances in study on cellular
and molecular biomechanics [ J]. J Med Biomech, 2009,
24(2) . 79-84.





