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Biomechanical regulation of stem cell development
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Abstract: The term biomechanics is used here tomean the study of the structure and function of biological systems
using the methods of mechanics. Both of the biochemical and biochemical signaling pathways play a critical role
in embryogenesis, stem cell development, differentiation, and organogenesis. With the advances of the cross
discipline between biology and mechanics, much more attentions have been paid to biomechanical regulation.

Recent studies suggest that blood flow-induced fluid shear stress is virtually involved in the development of
hematopoietic and endothelial cells. For mesenchymal stem cells, a widely studied stem cell, the physical
properties of extracellular matrix—induced tension forces also play key roles in determining stem cell functionand
fate. Several independent evidences also indicate that biomechanical factors such as tissue level elasticity are
implicated in progressions of liver diseases and cancer. Taken together, how biomechanical and biochemical
signaling pathways are intertwined will be focused in the future.

Key words: stemcells; development; biomechanics; fluid shear stress; tension forces

R R GRS, BB EERZIES DL AN SR A i . ZESRT)
Ak, HSE R IE R (gastrulation) VB, EIX 4o KEBM I, BF9EE KB IR K &85 M A s
BRI A A2 N B (invagination) FIEF: (turning) ,

PEE W E B IERE, ) & A IR B R gﬁgﬁ,ﬂ.ﬂ: 213103—38;/17\ I -
lati NEE, IRk fp T H: EE&ESHEAMNR KETL(“8637 114

(nimlj linf”\%; . M}?jﬂﬁ\gki%% ﬁﬁ.E (2006AA02A107) ; HEEKESEMBFRETL

FAMERE P, AR E KE (organogenesis) “973” il (2005CB522702); HK HREL IS4

IZ)/I\EXI’ EL@E?&%%q]%B%YbF?UE%Egiﬁ §[X7J I H (30671098)
%, SR AERKRE TR EAN SHENES KBITEZ 010-66932240: E-mail: peixt@nic. bmi. ac. cn



555 1 JAZAE, S TAMAKE WY F i 621
SRR AT A R T AR, TR FERYIE ANBERE— D R E A, TTAE LR R AR £ 4

ARl Ry IKE Y = S | IS5/ O ik = X7/
SR J S HA A RS SO FERT IR, AATTFHER
BWOSE TR B A A, RIS TR
bt .

FEEAW )54 (American Society of Biome—
chanics, ASB) ¥ EM )% 5€ SO “ R 12771
XA 2 G 1) 45 R R D BEREAT AN 9T 7 XA R
WM, KA, 85, L2ENEY
P, BRI 2 o AEAR SO BAT TR T A OGO L
ERS. EIMLRGE, DL A5 2R 40 i
B A=Wy 2 s S S ot g .

1 MELZESUEEENHFIRE

FE/N RN, 76 ES. 0 BT R 28 TT 4 9k
g, MIMESHIBAIEA, M IEIAE R B IEH
REEHE T AT EMR. 5751918 4, wia W
ANPRST TN ARG IR P T ST B, A i I
PR T LA 1) B P RIS 10 B R P R oG F 3L,
MAERTESRAES AN, — ISR E R
MR A S IR S vasculogenesis;
— B, AT R L A5 R P AR I I
B, KOy angiogenesis. BRI AR AT
CEERENE, 5B T AR e )
77 (fluid shear stress) HIVEMM™, {H AL ThREF]
eI EBIUI AR . —HUCE, AMIEA
T R W) ) 2 DR 3R 08 A A% DR 3R A O L 1)
RE WS REEZ E-, BOGR 2 e i
B RE AH I BE DR A S8 A bR fE A 2 R EUR G 2
HE, ARAEEATIRAMIPLEITFE . LAN-cadherin B [A]
wdBR A, 2B R S D BB SE T A i, (H
H T OB 22 5 7O EARF e 1k 1) R JAN-cadherin BY
E-cadherint [ 7] LLEH ™ A2 1E 5 M RAG PR PR R
(rescue) M 1) 5 H TEA K . 1e Noble 5™ [T 5T
MR R ] e S R R ELERNE, BN
BUOF BB, i Ui nT LR 2 R U N Bl kobR A 2 A
ephrinB2 Al neuropilin 1f{FIAEM X EL4E B35 B G
Z MR e N R E, W EBURIGEL
SRR E R RN o AH T3 LI 78 7308 A2 i
PR IR AR BT Y AR N R )R B I R k4 AR
H, Lucitti M8t 7 AN i) SEEG 1% 13X A
Wl 1% /INLR FH A BT 1K B /0N BB B 2
B (blood island) " JRAH 2140 i 22 B, AT S350
TREEBET B AA BT Y] ) BRAC, AN s gk CaqfF

JHOL ) I I N GE Ky, B0 L ) R S AT A Y )
77, WIPRKC T A RS KA SR . XA R
A ER A (R B U 6T R B SG B
A I Y 2 TR T Sl 28 G FE 28

EH T VRAA BY 1) ) A LA i A 40 ) P 2 40 L )
b R OCHE R, AR B KT R rkm)
G T4 (embryonic stem cells, ESCs) [n] N 2434k,
YEAWT T U] I E FIFLRI A . Yamamoto Z¢07 %
IR AR EY D)y mT LA 57N BUESCs 20 i 388 n i /7 B2
P PERR & Flk-1. F1t-1, VE-cadherin il PECAM-1
205, AR M I L0 AR A o-SMA L 1L 4
Jubr& CD3 b4 s S A LM RIERA L
e ZRBIP)IIEHIN Flk-1" ESCs B4 5 7RI it
WO N 2 AR L 4589 . BEJS RS B, Ak sy
IR BEESCs >Rt R #EL 40 1 1ra) P 32 4 Jif £ v e 2
IS F1k-1-PT3K-Akt {5 R FUE MR 4R H % 4
BEAL R 3 (HDAC3) A AFEAE I, (HIX 45 TH s #E VEGF
5 PRI AEE P B2 40 PR ) 23 A o R s e A N 1 T
VLR REANZ )22 R e e ) SEBR b, N R 4 A
VIR SE P RIS RERERN, HXH A
1R 2 FE DR BEA S 4 B S B R PR 1), A STy
SR o Dekker SEMUIE I e RIS AT, B
Jr e A TKLE2 (krlippel-like factor2) &4r it
AR TS T AR R S R, AN AR,
CH 2RO AE BT U 5 5 N R o A R b R A
TEEEHDY,
2 EMUMAERIAE DU REEMHFIRE

H N AATUEE 21 51 B F i B AFAE 2 I,
HEAENIE AN AR E FRAEDIRRR. Bl
ECA RIS R b, A AT 20 JRD I P B2
MK B R ARG T UL 40 i (hemangioblast)
FAE ML H (hemogenic endothelium) PHFPAN[E] B K
AR ARSI R T R, 3 40
(hematopoietic stem cells,HSCs) HITE R B A1 £
kI 3 DIAH OG, MO EBksh IR iR 5, 72 3)
ok BEAE A BBl OR DN S S K 0 A )
MO a6 3 TE A LIS L5 5 Kl —Runx 1,
SRIG B A s AN . LT AT XN K E
B B T 8 B (1) A2 90 g 27 A T ) A A5 g 1 vk
REM— N YUETER ZR, Tl AN I A 5T
B R W T X AN

Adamo 551K I/ ESCs AR 4M M AR R 1Y



622 R T gL T

21 %

WARBY D) 8N T A 40 i CD4 1 c—Kit" H Runx1
(R,  [R)IF i il v B TR IRE ) o ARATTiE— 28
Hh A IR AR BY ) ) A AR 3 5 T /N BRI PSp/AGM
(para—aorticsplanchnopleura/aorta—gonad-mesonephros)
DX 4 Bt i v B T e ) FH g IR 35 S R R 0A .
1M BELIKT A AR BT ) A5 5 W B 1 A (NO) 1Y)
PP AESS BEARAR N AR IE ML AR e o ISR AT VI BY
Py B RG340 B A O e g 2 i e g
S AN AT IEBRBN PINCX T/ /N SR TR A e A 4
TARKIIER o IXAMERIAE 2008 4F 84 4 H RS IR
At ML ARYE NS . AEABEITY, Adamo ZFU e T
NCXT/~ /MBI AGM X i, AZBLNCX1~ /N B 3R
AN R A fbr s, {H42 Runx] BIERIE NI, JEHE
R I v B R e IR . AEDRE 2 1 40 B e AR A
TR T RIS SO LLEHT b il g i1
Runx1 (AR ALt I8 M40 B F) 23 A

North &5 W 7E B 5y il B 1 IfiL /2 HSCs T
JSH— MRS TR 3R . LE sih G G My fig 21 A
LB) h, HSCs i S| FRAK. i T4 I 1M
MR HSCs KA BIHLE . AITRH T — "Ml
FEFAFE I 7 1R S 8 s HSCs KB RSy, HDKs
Bt i 2R T — R AR s, SRR
IR A5 S ML A K AN N L8 ) 5 3 e — 191 Ak 134
fe E Runx 1 BIRIE, W4 M5 10 B2
Runx1 fZiA. Al Adamo U ST —5L, i%bf
FL R B NO ZE ML 75 T HSCs K& b b 4% 2
YER o ifgm b iR 4% s 3% HSCs 1R & 432
fELBk RS2 5, 2R, North ZENTRINNO 547,
PL AR AR A R 3 Z Hg vy LA 15 HSCs B2,
I I AR B s ih AR HSCs (11774

B IX PN/ B AR IR E
LR PR iR 38 1L 7 BBk AR AR R I 48 1 H N O J2 IR
WP HSCs KB BILRST Tilif. SR, X Py A 57
WA A1 R B AR P B 7 AEHSCs 2 TR
HRR, POV IERET IR BN S B3Ik o At
Z MG . — AR R AL, AEbk iR
RIZAE T, SRR A KA, T HSCs KA kK
() SR PR AT e PR A N B R B AR T et (D) .
3 LAMABERUREENHFIRE

IR ADAT I JLANER 5842 K B A i 50
IMRIENREI IR 2o FT X5, Af1HEN
A S A ) 2 DI RE RT e s L B 5 KBS K
AROT Sy T ISR C LR i ) B AR 1 L i Sy

g

00 i

i
i

L i e

18 144 g
(HSCs)

B 1 Mi7{e#HSCs & B R = E e
HSCs ML (R BN P B2 3E NI, HSCs FUEE B ik BN
B, BARILE R (Lo tasisk) , M (G F k) FO o #T
ZEEUIRER . WA R0k B E T B KR
HSCs /M IFRZ B V) 115 5 o

R ER, T1jima SR HE ST T B B UL IE )
i i SR ONE AR A R, A R I E 0
AR T HY 4Rk ) 43k (transdi fferent iate)
O . AR SRR TR & P IO I S
IR S, U T B LR ) 24k,
R R IR IR A0 LA T4 5425k (passive stretch)
D] AR SE S IR [F) o3k o X AMIIFSE R WA UL
PR 41 B PRI LR 5 0 i AS A A4 B 1) 00 60 1) Lo UL A
53 A 2 DG EE R O o R R LRI ) S AL AN e S
4 LA PO LA B oAb B B SRS e A T RE— 2D
BAEIXAMEE, Gwak 88210 ESCs 3578 T 4> 13
PESCHE bR FEREAT AP A AR o JU L4t
Bkl B AN ) . A5 RRE, HRRRAAMLL,
LA ESCs [m Lo LA ML 0 A G I, AER8 A8 2.0 DL
FEZER TG, AT DA 2 B SUS2F Ak, 40



555 1 JZEAE, 4%

TUI KRB A )20 623

T4 ME T, 380 VEGE PR IE AL IR 5 1 8 1k
g0 LA R LA 1R TE B
4 | FFRTFZHBE (mesenchymal stem cel I's, MSCs) A%
LB L REEMHFRE

i MAn AR, 46K 2 B 23 AL e 4 ik
DR A o U R A R AT AR o 43 K R T 4 L A
JiR A (extra cellular matrix, EOM) M4 € A KAE I+
F M7« ECMGHH Ik R 40 o 2 11 1Y) 44 5 2% (integrin) 5244
BB IE A BE (focal adhesions) , FHEHHE
A Z | AN S EH P a S EAEAY), 2
MR SZ AN 2 G SR EE S 5Y) . il
G R N £F4E (stress fiber) FIECME:
ki, N Y EE L A4 (actin
filaments) FIYLIRE H (myosin) F4 . 4RI %l E
B RISH FE R E RN T BEENFEERL R
AR (contraction) VEH 252 258w 14K, Bl
JEAEXAS AL RE— AR 2 W E IR, XA
TR A A0 B AR PR 5K AR 40 B A S AL 13
A, WIEREE A SPUELX AN R . 40 Rz 24T
VEH G 2 W0E MU N A5 5 38 5 41 Rho - GTP BigA
MAPK A3 5 5 10 B & Pk, DT 5% e 22 DR /g 3R 08
N Y = BUR

ECM AE4) ) 27 FE VEAE 40 I 28 B TS 2)) v 1 EE
CLA AT BCET A A0 LR e 40 JH A3 B L s 5 2 290,
H ECM A=) 3 2R 1 A 40 I 43 A R AR v ez
b, 2004 4, McBeath Z5RTIAFS KN, 4351
FEIMSCs ARl I 4T3 82 1 (fibronectin) [HIARAN[A]
HIZAE T ] AR Ho A B 45 A 7E /NI AR 21 % 5
H B TR, MSCs b f By 5 IR B I m g 7 40 Jife
oAb R TR & HE A BN, MSCs
] 40 Ak, AR TARE IR At 5O A
0 A g A 5 3 1 110 AR 25 5% e 40 L P 23
o, SR FEIUER F R IEAR (geometry) AT LASE W 141
M504k . 2008 4F, Ruiz 25028 [t 98 & DIAIESE T
X pie MR FRAE BT iEE A ERMSCs
TEST AT 1) 22 4l i gl ke i, v TB] B 4 B 22 (19 1)
NEWi oAk, LS 40 LA 2 1) ) )i 3 Ak . TR 4
b R B ES 12 N -2 O DR ST T 154
oA, U B AR DT A, BN E M, %
WEFU/INH I & T 40 52 s oL, 45 R IESL
IR A S A0 M 32 25K ) (tension) A& MITHITA Sk
() 3 i, AIARLF(RE T T 53X A ik B b 4 i o 52
Ak A e AR A amis 0 OB, T 2 4 i

SERI T AR RN T AU RSO Y ) 22 R R 5%

R 74 M i S R SRR, BAR, 16
— AR T DL oE T R e dris, B
JRFPE (elasticity) « LEAR N, ANRJ L ZUHOA 5 T )
BT AN o Engler SR AT — MR N A
)5 Lk ) i, S5 SRR B MSCs 105 [l b it
Tt r St R M R PR R o AU S A PR B P R
J(0. 1 — 1 kPa) {ieidk MSCs [ 204k, HEUL
DAL HH A5 5T (36 50 (8— 17 kPa) Ik A )3 ULEm i 23
1, BEFLE R R L 0 (25 — 40 kPa) {33t 1) B 4n
W o3k o AT TR AT 1 IR A HE I T
BE T T Al A A AR B T — AN B R Y
Y NIE ] R S R B 9 e g L S e R N
RAHTAE T, SRS A 55 () A 3R P A 4 B ) e
IS [P PR e e R OCTE B Mkl a0 P T 5T
HE— RN, BSR40 R O R AT A A i BV AR 4 gy
A1 TB) T 4N 5 R A AR MSC s 0B E 2R ) 2
P EAPAEE 2, AW 1A 3 MSCs ik
I ER R — D R T SCRFUFR

pEi R 9 g & B RN EA N 00 AL fiecin e )i O o
P EARBLEH B sz Feb o (R BLEE R, 7D
G 2R [ 505 Rho £E X AN R R b & 3% 7 24 H 22 (]
2) o b, FA TN aE TR RS T T4
A 227 2405 A 0 . HRT Bt 70, i
FLANY AN M A 2253 2407 ) 1) 5 A7 3= B R 40 A B
FEAH S 70 41 73 24 10) 17 A= (1 225 ) (traction
forces) ¥, 1A AL LT IA K ¥ F 40 J T PR 428 il o
AR FE X SR/ BE . 5K 0 /E e AR I S el

sk g Bl
 Rho, Rock —~
N A RN
MSCs V) W&
- ~=Rho, Rac PP NN SN
e
™~ [
} Rho, Rock A= 4
t Rac
S ’ >
He i
Lk

} Rho, Rock
t Rac

[ 2 Rho 7MFHYZRAESK 11 RY =4 (R IHMSCs R 53 4L 12



624 i R

14 AT 5% T

21 %

BEAEEH g B,
5 RE
T 40 MR & 43t FALEA 2% B R iF o,

— RINZ RS RS R IR FU R e < 2
AT, WA )R S AR AT S % TE
EFEU R R FEAE AR R 4 5 W9 ) A
5.1 Wi S AEYMGEAE S B RIER X
UM R &R =44 238 B IR, W
AR S5 AW ) 25 5 LR R /R . i —2
(IR NI G AT e 224 T RO P 2 A FH TR AT i
by BIAE B R A 0 A FH R TS ik
VAR S BERERE AT RE R, S5
T4k B A A e L R g B B SR AEN S 15
5 1 (RO SR TR AR T A0 T AR P 4
P T AL B AR AL 1)

5.2  bRALURE iR AEY) 2 E R E R
R HGURYE 2 B RN B AR . LA
JHRE A5, TR 5 A v R A s ) il 40 i A
RGN BCET AR . S2AR P Bz 4 0 P R 2k U5
PR GE R, TEARAEBNEZ:, AR EIRER
M IR AR, R AdE 44 B A D) e I 5
SN, W R B M AR e AR AERE . 4E A
GERERE, R BRARB Y. K1 Hr R
(compression forces) %4 N ZEGAER , BRIEAFST
MEFE A K o H AT LL A TE R g, TR A A R
(stiffness) FHIHEAY LA AJE 1) i A2 B DIAH OG5 96T
DRI, O6) T 4l ok & o A R b A= ) 0 273
22 B AN B T30 58 AT T4 i % & o4k
PRI B, [RIEE,  tA Bh 0 A Ak R0 e
SEMEVEVE I8 AR HLI R B AR, B A B T A4
A N T RV 254k I o0 v 2t 1 5 B A <3 BT
(). BHAA KGRI 49 .

(& % x #]

[1] Keller R, Davidson LA, Shook DR. How we are shaped: the
biomechanicsof gastrulation. Differentiation, 2003, 71(3) :
171-205

2] Chapman WB. The effect of the heart-beat upon the devel-
opment of the vascular system in the chick. Am J Anat,
1918, 23(1) : 175-203

[3]  ClarkER. Studies on the growth of blood vessels in the tail
of frog. Am J Anat, 1918, 23(1) : 37-88

[4]  Folkman J, Haudenschild C. Angiogenesis in vitro. Nature,
1980, 288(5791) : 551-6

[6]  LuoY, Ferreira—Cornwell M, BaldwinH, et al. Rescuing the
N-cadherinknockout by cardiac—specific expression of N-or

(6]

(7]

(8

9]

[10]

(11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

(22]

[23]

[24]

E-cadherin. Development, 2001, 128 (4) : 459-69

le Noble F, Moyon D, Pardanaud L, et al. Flow regulates
arterial-venousdifferentiation inthechick embryoyolk sac.
Development, 2004, 131(2): 361-75

Lucitti JL, Jones EAV, HuangC, et al. Vascular remodeling
of the mouse yolk sac requires hemodynamic force.
Development, 2007, 134(18): 3317-26

Gimbrone MA. Vascular endothelium, hemodynamic forces,
and athero—genesis. AmJ Pathol, 1999, 155(1) : 1-5
Yamamoto K, Sokabe T, Watabe T, et al. Fluid shear stress
induces differentiation of Flk—1-positive embryonic stem
cells intovascular endothelial cells 7nvitro. Am]JPhysiol
Heart Circ Physiol, 2005, 288(4) : 1915-24

Zeng LF, Xiao QZ, Margariti A, et al. HDAC3 is crucial in
shear—and VEGF-induced stemcell differentiation toward
endothelial cells. JCellBiol, 2006, 174 (7) : 1059-69
Dekker RJ, van Soest S, FontijnRD, et al. Prolonged fluid
shear stress inducesadistinct set of endothelial cell genes,
most specifically lung Krilppel-like factor (KLF2). Blood,
2002, 100(5) : 1689-98

Schmelter M, Ateghang B, Helmig S, et al. Embryonic stem
cellsutilizereactive oxygen species as transducers of me—
chani cal strain—inducedcardiovasculardifferentiation. FASEB
J, 2006, 20(8) :1182-4

BT, Xk, BT EMURE RN EAMEROCHR. PESE
ik, 2007, 15(1) : 198-201

Adamo L, Naveiras O, Wenzel PL, et al. Biomechanical forces
promote embryonic haematopoiesis. Nature, 2009, 459
(7250) : 1131-5

Koushik SV, Wang J, RogersR, et al. Targeted inactivation
of the sodium-calcium exchanger (Ncx1) results in the lack
of aheartbeat and abnormal myofibrillar organization. FASEB
J, 2001, 15(7) : 1209-11

Rhodes KE, Gekas C, Wang Y, et al. The emergence of he—
matopoietic stemcells isinitiatedinthe placental vascula—
ture in theabsence of circulation. Cell StemCell, 2008, 2(3) :
252-63

North TE, Goessling W, Peeters M, et al. Hematopoietic
stem cell development is dependent on blood flow. Cell,
2009, 137(4) : 736-48

Pardanaud L, EichmannA. Stemcells: the stress of forming
blood cells. Nature, 2009, 459 (7250) : 1068-9

Bartman T, Hove J. Mechanics and function in heart
morphogenesis. Dev Dyn, 2005, 233(2): 373-81

IijimaY, Nagai T, Mizukami M, et al. Beating is necessary
fortransdifferentiationof skeletalmuscle—derivedcellsinto
cardiomyocytes. FASEB J, 2003, 17(10) : 1361-3

Gwak SJ, Bhang SH, Kim IK, et al. The effect of cyclic
strain on embryonic stem cell-derived cardiomyocytes.
Biomaterials, 2008, 29(7) : 844-56

Hynes RO. Integrins: bidirectional, allosteric signaling
machines. Cell, 2002, 110(6) : 673-87

Bokel C, Brown NH. Integrins in development: moving on,
responding to, and sticking to the extracel lularmatrix. Dev
Cell, 2002, 3(3): 311-21

Even—Ram S, ArtymV, Yamada KM. Matrix control of stem
cell fate. Cell, 2006; 126 (4) : 645-7



] L

TR T IR ) R

625

[26]

[27]

(28]

[29]

[30]

Discher DE, Janmey P, Wang YL. Tissue cells feel and re—
spond to the stiffness of their substrate. Science, 2005, 310
(5751) : 1139-43

Paszek MJ, Zahir N, Johnson KR, et al. Tensional homeo—
stasis and themalignant phenotype. Cancer Cell, 2005, 8(3) :
241-54

McBeath R, Pirone DM, Nelson CM, et al. Cell shape,
cytoskeletal tension, and RhoA regulate stemcell lineage
commi tment. Dev Cell, 2004, 6(4): 48395

Ruiz SA, ChenCS. Emergence of patterned stemcell differ—
entiationwithinmlticellularstructures. StemCells, 2008,
26(11) : 2921-7

Engler AJ, SenS, Sweeney HL, et al. Matrix elasticity di—
rectsstemcell lineagespecification. Cell, 2006, 126 (4) : 677—
89

Titushkin I, ChoM. Modulation of cellular mechanics dur—
ing osteogenic differentiation of human mesenchymal stem
cells. Biophys J, 2007, 93(10) : 3693702

(31]

(32]

[33]

(34]

[35]

[36]

Titushkin I, ChoM. Distinct membrane mechanical proper—
ties of human mesenchymal stem cells determined using la—
ser optical tweezers. Biophys J, 2006, 90(7) : 2582-91
Patwari P, Lee RT. Mechanical control of tissue
morphogenesis. Circ Res, 2008, 103 (3) : 234-43

Théry M, RacineV, Pepin A, et al. The extracellular matrix
guides theorientationof thecell divisionaxis. NatCellBiol,
2005, 7(10) : 947-53

Théry M, Bornens M. Cell shape and cell division. Curr Opin
CellBiol, 2006, 18(6) : 648-57

Casteral, Forns X, Alberti A. Non—invasive evaluation of
liver fibrosisusing transientelastography. JHepatol, 2008,
48(5) : 83547

Masuzaki R, Tateishi R, YoshidaH, et al. Prospective risk
assessment for hepatocellular carcinoma development in
patientswithchronichepatitisCby transient elastography.
Hepatology, 2009, 49(6) : 1954-61



