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Extracellular Matrix Stiffness Modulates the
Differentiation of Mesenchymal Stem Cells

Lii Hongwei"?, Li Lisha'*, Zhang Yin'?, Rong Yue'”, Chen Zhishen'”, Yang Zihao'?, Sun Meiyu', Li Yulin'*
('The Key Laboratory of Pathobiology, Ministry of Education, Jilin University, Changchun 130021, China; *College of Public Health,
Jilin University, Changchun 130021, China; *College of Clinical Medicine, Jilin University, Changchun 130021, China)

Abstract Recent studies have suggested that the physical characteristics of extracellular matrix (ECM),
especially the stiffness or elasticity, played an important role in regulating cellular functions and behaviors,
including adhesion, spreading, migration, proliferation, differentiation, apoptosis and so on. Mesenchymal stem
cells (MSCs) are important for cell therapy and tissue engineering. ECM stiffness can induce MSCs into cells of
adipose tissue, cartilage, nerve, muscle, bone and others. This review discussed the studies of the effect of ECM
stiffness on stem cell lineage specification, covering the materials and techniques to fabricate substrates, methods
of controlling stiffness, properties, the response to ECM stiffness and the differentiation of stem cells in different
culture conditions, as well as the combined effect of ECM stiffness and other biophysical and biochemical cues;
On this basis, we further shed light on the mechanism and the signaling pathway of the reaction of stem cells to
ECM stiffness and transduction of stiffness to biological signals during differentiation. This review summarized

the latest research advancement in the field of differentiation behavior of stem cells modulated by ECM stiffness
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and presented a relatively systematic analysis of the major factors in the level of materials science, cell biology and

molecular biology, as well as the prospects of some key problems to be studied in this field.
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Fig.1 Range of stiffness and relative tissue types
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Table 1 Stiffness range of different types of ECM and methods of controlling ECM stiffness

T/ YRR AIANE R fillJi i [ (kPa) P AN N AN TR 1) U5 7

2D/3D culture ECM type Stiffness range (kPa)  Method of controlling ECM stiftness

2D culture Collagen-I (Col I) 0.1~1.0 The Young’s modulus of the gel increased with the collagen
concentration®!

Gtn-HPA-(Tyr) cross- 0.6~26.8 The storage modulus of the hydrogel was significantly raised by

linked with HRP and H,O, increasing the H,O, concentration**")

Poly (acrylamide-co-acrylic ~ 0.5~70.0 The elastic modulus of the hydrogel had a positive correlation with the

acid) (pACAA) hydrogel percentage of cross-linker (bis-acrylamide) used™*!

Polyacrylamide (PAAm) 0.1~80.0 The Young’s modulus of the gel was adjusted by varying the
concentration of acrylamide and bis-acrylamide!**")

Polyalkyl acrylate 250~2 200 The material substrates consist of a vinyl backbone chain with the side
groups —COO(CH,)xH, the elastic moduli decreased monotonically as
the number of methyl groups in the side chain increased*”!

Polydimethylsiloxane 11~1100 As the ratio of oligomer [tetra(trimethylsiloxy)] to cross-linker

(PDMS) (tetramethyl-tetravinylcyclotetrasiloxane) increased, the Young’s
modulus of the substrate decreased'*’!

Polyethylene glycol (PEG) 6~26 The shear modulus of the gel had a linear increase with mixed PEG

gel macromers [4arm-PEG- thiol (SH) , 8arm-PEG- vinylsulfone (VS)]
concentrations' !

3D culture Alginate gel 2.5~30 The elastic modulus of the gel was raised by increasing the
concentration of cross-linker (calcium ions)*!

Collagen- 0.5~1.5 The compressive modulus of the scaffold was raised by increasing

glycosaminoglycan (CG) the concentration of cross-linker (1-ethyl-3-3-dimethyl aminopropyl

scaffold carbodiimide)**’

Collagen-hyaluronic acid 1~10 The elastic modulus of the substrates was modified by adjusting the

scaffold concentration of 1-ethyl-3 (3-dimethylamino-propyl) carbodiimide
(EDC) as a cross-linker!*”!

HyA-Tyr gel cross-linked  5.4~11.8 The compressive modulus of the hydrogel was significantly raised by

with HRP and H,0, increasing the H,O, concentration**!

PEG gel 0.2~59.0 The compressive modulus of the scaffold increased with increasing
PEG-tetramethacrylate (PEGTM) monomer mass fraction!*”!

PEG nanofiber scaffold 2~15 The storage modulus of scaffold increased with increasing
photopolymerization time”

PEG-silica gel 0.007~0.100 The liquefaction stress (ty) of the gel was proportional to the weight

percentage of fumed silica incorporated gel™

Gtn-HPA~(Tyr): W JKe—5%F ¥ BE2R A R (1 i ); HIRP: AR A6 A8 Fy A-Tyr: 325 W SR iz «
Gtn-HPA-(Tyr): gelatin-hydroxyphenylpropionic acid-(tyramine); HRP: horseradish peroxidase; HyA-Tyr: hyaluronic acid-tyramine.

P8 PR B (~120 °C)5 TS R P4 855 2 L (<20 °C)
PR FERE T SPDMSAS I BEAN[R], MM T Bk
LA — s i RS OR FE IPDMS 3 i) () A H R H 42
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IMSCsAAFE I = YEWBRIAEE, I T — PP AR R AT
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PEG)fi [l 51, a1 4 ] — A i &, 7]
FRRBNAS A A R 2 5T, I BRI X R gl oKk 24 018
A SRR A B B Ak A DR B0 4 S e . S ARG
A B RO B AP A 27 24 i B A2 e
ANRIRT R, XM BRI BY U1 AL PEGHER, JF
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Fo BRI, AN AR AR T P 200 PR o DU B A4t 22 4
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HORKVEZE, A0 I 158, S B T EE AN R M X
PEAR B, AP e i A I, 140 e 4
oL PRI BR, 2 1M 1 240 M P S SRR 50 4B
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MSCs 73 A0 AN R ZE R IR 40 Bl 4 3% 3% 4% 1 F0
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PREEL BeE s UL e 7 e AH Z 4ER IR 4 A
NECMA# & & v] DL S MSCs o4k il i 41 f, 1y =
YERGFRAAF T KT I AR, B HE N B 41 f fF
WL PR AT A IRIE . AN, ZHEREIRAE T
ECMMF [ 38 1] LLAEFFMSCshb T AR & . %58
MSCs 73 AR (R e P bR )R G (0 07 v n e 2 A0
L3R

21 THEIEFEMH TECMAEE FMSCs L BI 5201

HAr, KPR RRY, R4 0 T
ECMM % GE 75 FMSCs i 4. e B ECE
S5 77 18] 43t . 20064F, Engler%4 2 I 2 fjijPelham
HIWangPl 1) 75 v 4 T I8 R SR M (type |
collagen, Coll)Z& [ 181 HLA J& AN [F] T PA Amiki Ji 55
FRHE, 1 U FEECME 5 X MSCs 434k 5% il FRIATF 5,
RIMAEAAEAEA T F R T I&AFF, HMSCsiy
75 F0.1~1.0 kPa(F8L oG 41 23 A J ) i 36 i L=, MSCs

R2 EMETEREEMNREN SR EBIMSCsH LA B REED L BEIFFIERS

Table 2 Differentiation of MSCs seeded on ECM with different stiffness and surface compositions and

specific marker to characterize specific lineages

i) I AN AT (kPa) 4 AR TR T Sy ot br &4
Specification ECM stiffness (kPa) Composition of ECM surface Specific marker
Neurocyte 0.1~1.0 Collagen type I (Col ¥ B-II1 tubulin (early marker)™*
6.5 ppAAcH! Microtubule-associated protein 2 (MAP2) (mid/late
marker)?!
Neurofilament heavy chain (NFH) (late marker)™*
Neurofilament light chain (NFL, NEFL)""
Nestin (neural stem cell marker)?'!
Enolase2 (ENO2)*
Astrocyte 10 Col I-hyaluronic acid (HyA)"" Glial fibrillary acidic protein (GFAP)“”)
Oligodendrocyte 10 Col I-HyA™" CNPase (early marker)™*”!
04[47]
Endothelial cell 3 Col 1 Flk-15%
Adipocyte 0.25 Col I-fibronection (FN)?* PPAR-y!*!
1 Col 1* Lipoprotein lipase (LPL)*”
2.5~5.0 RGD peptides!*”! Adiponectin (Adn)*!
Myoblast 8~17 Col 1 MyoD, MyoD1!
25 FNE Myogenin (MYOG)?*
Desmin®”!
Smooth muscle cell ~ 8~15 Col 1! a-actin®!
2 000 000 Col I Smooth muscle a-actin (a-SMA)?!
Calponin-1%
Cardiomyocyte 10.2 Col 13 GATA45)
Myosin heavy chain (MHC)"?
a-sarcomeric actin (a-SCA)™
Chondrocyte 0.5 Col I-HyA™ Aggrecan (ACAN)P
1 Col 1* Collagen type II (Col IT)*¥
1.6+0.3 Col I-FNB4 Collagen type X (Col X )4
5.4 HyA-tyramine (Tyr)"* Sox 984
Osteoblast 1.5 Col I-chondroitin sulphate!! Runx2 (CBFal) (early marker)™
11~30 RGD peptides™*”! Osterix (early marker)™ "
15.4 BMP-2mimetic peptides!*"! Alkaline phosphatase (ALP) (early marker)?*
25~40 Col 1 osteocalcin (OCN) (late marker)*!
40.0+3.6 Col I-FNEY osteopontin (OPN) (late marker)™*"
41 ppTMPE! Col 152
41+6 pAAct*!
47.5 RGD peptides™*!
80 Col 1%
~250 FNI#
190~3 100 FN or gelatin®
Tendon cell 30-50 Col 1® Scleraxis (Sclx)®!

Tenomodulin (Tnm)®!

ppAAc: 25 B TR NG IR, ppTMP: 55 25 1 PRI B IR — W IG; pAAc: RINHGIR .

ppAAc: plasma polymerised acrylic acid; ppTMP: plasma polymerized trimethyl phosphite; pAAc: polymerised acrylic acid.
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Table 3 Staining method to characterize the differentiation of MSCs into specific lineages
Pt Pt Ik ey o 225 3CHR
Specification Staining method Detection site References
Adipocyte Oil red O Oil droplet [29]
Chondrocyte Alcian blue Proteoglycan [29,54]
Safranin-O Proteoglycan [48]
Osteoblast Alizarin red Calcium deposit [25,32]
Calcein blue Calcium deposit [25]
Alkaline phosphatase (ALP) assay kit ALP activity [40]
Fast blue ALP activity [45]

SR M o SORITERS, I L 3Rk ol 2 40
b & 4> FP-NFHAIB-I{ & & I (B-1T tubulin); Hf
MSCsH5 75 T-8~17 kPa(FALLIL A 2 ZRE ) [ 2 It |-,
MSCs?% %, 5 C2C 12 UL 4N B AHAL (1948 T2 HL i VL4
J AR A& 2> FMYODZRIA b, #E25~40 kPa(fi 48 2%
B BRI KR 5T b, MSCs ST 5 R 40 i A AL 1)
Z B, I H R A bs & 5> FRUNX2 K IE K 1
I o

AR, AR —ECMA Z fig 52 M SCs 74k, Al
FEBR FE IR REEMSCs oMb i R HEAE . TR e A= B
TR, HLAAR P AL R 8 B 1R 58 #0474
B IBR L, 1, TE O LA 20 R R 2
0.6+0.9 kPa/mm, 145 ZE (1) JULZH 2R R R FEE Ao 2 &4
8.7+1.5 kPa/mm. Tse“5P¥Hl i 28 4F H #4) & TECM
et 55 Fofs JSE L TR by 1~12 kPa HLAR [r) 5% 491.04£0.1 kPa/mm
(FIPAAMIEEIR, B2 HMSCs B AT [ ECMA 5 %5k
(07 RS I A, IR0k g VLAt i, (H 5t
/b HEEMSCs R IE M 28 41 Jitd b &5 43 B-111 tubulin. 3 5k,
Sharma ) FHPA Ami&E A0 IULIE PR 28 4 2R A0 28
TP 5 Y R (10~90 kPa), 437 T s 155 A6k J52 40 il
10~90 kPa. 10~30 kPa. 30~50 kPaf170~90 kPaft] Py
FhBE 5T, R INT0~90 kPaksh & 1)k i fiE 15 ‘T MSCs %
R A0 R 5 43 T RUNX 2RI P 175 2 6 (alkaline
phosphatase, ALP); 7 fill &% £ & 4 10~90 kPa, £T %
5 F (fibronectin, FN)Z [HI& 11 (1) 2 5, g 25 KT
20 kPalf) X A3 85 4515 TE i, 1t HIMSCs ] B 7 4 Jifd
I3 A T AR 1R A %) 55 T 1 (] i Coll B 4 s
IS A7 Coll ) 5 75 He v W s Y el e 704k o Bk
b, T 5 2 B VLB 40 i A 75 23 7~ Sclx F UL 2 A
(Tnm){£30~50 kPa H. 4 1 [#] 5 47 Coll [ i it p A
K

ECMIAi [ ANV fE AL BEMSCs 31k, 8 AT LR £E

MSCshb T EUR & . WinerZ:BF 77 K B, £ AT
DTAT 340355 3 R B AT B, M TR 1 B i
F& F R 3L ST (E=0.25 kPa) [ [IMSCsBE AN 39 58 th A 3
b, AT RS . A UE AR T8 5T E IMSCs
HAT % [0 70 RE, MSCsTE#CEE T ERE9R2 dJ, ¥
T eI 175 8, MSCsTE i B 5 (1) JIg i, 156 BH 2 1)
JIE 7 &0 B o3 A 2 B TN T 1B 5 3 R T s
R IR L% 300124 d)F, S5 AR 7 T 5OE M B
B Sk A e 5 bl o D0 %5 58 1l AL I 9
ALY RBH T, U6 TR IR RFMSCs b T
1R, PREEZ 1) 2 AL RE, TR I AR IR 21 S A B
IRy &
22 ZHEFEMHTECMAEE XTMSCs /14 B 220

AR, = 485 77 3 ARG R A 41 i 35 7% 40k
AT, FR 75 AP RE, A48 g LA A7 A%
O RAEK, TE R Y LR i s 1) & 4, 3k T ks
TYERE IR SR AR KRR = . IR
YR IR N ECMAE FE X MSCs 434K 1) 52 Wi 5 41
SRR 2 MG R Y. FH A 2

— YE B IR 4 R ECMAE JEE 6MSCs 23 4L 1) 52 1
LRI YRR IR AAE T IR RARI4, Pek
S RGBT BY 3 (ry) 233l A 7, 25, 40, 75, 100 Pa
(IPEGHERE, W57 K IMECMAE 47 Palt), #hZskrid
5> FENO21ZRIE Fif; 1 eV 73 MY OD L
bR & 2 FRUNX2 93 ) 71 vh A5Gl i L 5T (ty=25 Pa)
R v il B 6L o (ry=75 11100 Pa)rh ik B, JHbAh,
Al AT K R R T 2 R K & 2 R (Arg-Gly-Asp,
RGD)fik [l 5 £ 56 5t _E, & BIRGDAL b F1y>75 Pa
) 5 J5T 0 FRIMIS Cs 389 B 1 B 4 A 380 A 41 336 46 JH o
1Ak, TohS5EM8I5E Tk AR o 48 46 ) s (HR P) FITHL O, 1
137 B T R M A IR A 1 A T B, R4S T ECMUA
JE 550454, 9.5, 11.8 kPalfy =Rl i, A A1 5¢ K
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IAMSCsTEREE H35.4 kPalfMRACIR SR T, 40 i 2
[ 5t DA M SR AR IS o b Ah, FR ik 3 T I
Zh 22 B RIS 12 )i (type 1T collagen, Colll) I f 18 %2 |
Ui IMSCs [ 81 41 i 734K, o

BT B LR 4Ty Ak, SRR AR
ECMA i 34 8 15 T MSCs 73 A4 F L/ 248 70 1) 40 i
Wingate %50 F i i v [ /2 kPa515 kPaZ [1]
(RSEAUA LA P JIBE % v B P A 255 ) 1) — 4EPEG AN K 2T 4
W, W9 IN24 hN95%IIMSCsTEAE 5 243 kPalf]
S A E ) N N e ) ) o o v ki MR (ER TN
T8 kPalfy 3L i, HA20%IMSCsEKIAFIk-1. # %,
FEAEIE KT8 kPl L i1, 47 KZ180%IMSCs ik
P LA AR A5 23 T oL 3N B 1 (a-actin), 1M 75 A5 A2
/NTS kPalEE T, AT ANFEI10%IMSCs & ik ol
. FIRGE AT N T A 2 AT A
.
2.3 ECMEEBKEHMERITMSCs 7 LB

40 M A BE TR AE AR 2 Bl 45 8 25, ECMIilE
FEA S R EMSCs o b fimia [ ME— R 2=, HLReH 41 i
AEAF ) SR 55 v () e P B Bl A 2 IR 2R A AR A,
JLIR] S mMS Cs ) oAb ik 72
231 ECMR ERAEKE T  HAHERKRH T
B(transforming growth factor beta, TGF-B)/t — 2K £
D ae i 4 i R 1=, e nl g iEMSCs 734k B~ 1 L4t
WO AR 4 Lo ParkSEPVR) F A BEAE 41 kPalf)Coll
15 e I 2 111 V% 7 A7 Col L) 4 o 3% 77 ML(AE B 24 42
GPalh) 73 Sl A5 40 45 M R i v 66 Tk R SUECMUAE 52
XFMSCs 7 I 540 . MSCsAE i 1 35 J5t h AN
YR %, i BT AR AL Firh s . IBAh, 1R
B 5L i, P LAE bR 7 2 Fo-SMAL 451 2
[1-1(calponin-1)#& 15 F U, 1My 1 1 35 5t 1 (fIMSCs,
R A MR & T Col LRI 15 40 i bk i 4 T LPL#
B B USINTGE-BJa, il 35 5T rh (1~ v L4
W bR & 5> ¥Rk g —20 LR, (HEE L i ILPL
FIE KR, W BHMSCs IR i 7 41 i 4 44 52 21 0
il o

34k, B B & K AE H 1-2(bone morphogenetic
protein-2, BMP-2)45 81 Jik H A3 (i 2k 5l (1 15 HIB,
Zouani 25U 97 & B, MSCsTE i & 4 15.4 kPaff)
pPACAABK TMYODZIA F i, 1 B 1n) B4 i
o34k, MIMSCsTERE 5 2447.5 kPall) 3 i+ i 40 i
b > T Osterix« RUNX2, OCN L OPNZR LI L iff,

Ui BIMSCs 1] B 41 B 74k 8 5 K BMP-2 A5 Uik [
SELESE R, RIIMSCsrE ik i hig i 4618 R 3
) BB 41 M 534k T A B AR 1190.76~3.2 kPadt it |,
BMP-2#5 400 K (1) 41 12 B i 48 F 52 2140 6] T HMSCs
WA ) MR 40 i 4k, X AT RE S O S S LB &
FI0 M B 28 20 AT 5%, BEAh, i/ MAT AR AR KR
FOR G IR % . e i AR K R, R AR KA
TAER UL R EMS Cs b, (R EATT S ECMAE S &
TAELEA BAE T, MfedE— 05T

232 ECMAR & A= 4m 6,58 B 4 7 ECMIifi i 41,
AR S, 5 20 i 4 % R A2 EMS Cs IR 43 4L,
17 fEG 200 Hf 22 b 25 A E 1 93 4615 Xue B4
TLL B WF ST LA, # 7x ECMAE 5 A0 40 i 85 B (40 i
) P4 A A )P 3 35 7] e 8 T MSCs 44k 77 1)
AT R B, 22 40 2 A 2% B2 15 (20 000/em?) s, MSCs
TC W AT Ay 1.620.3 kPalf) B 1 Ji i i A A 5 O
40.0+3.6 kPalty il 11 15 57 1, AN AN B 25 A0 4l T AR
WA, T HECE 7 bR & 4> FRUNX2. ALPAI
Coll¥ ARk, 1M 4 41 H 42 Fh 2% FE AR (1 000/cm?)
MSCsTE R 5L 5T 18 i 23 b & 43 5 Bl 2
SRR AR G, kK 22 B, BT ECMEE 5 1 41
Jf % FEAR I A X MSCspCH 74k = 2B 52 M . thAh, b
A3 I B R MSCs 81 0 A EL A AR HEAE
1955 40 o B B To ok

233 ECMA:E Aok & 5% ECMI{) 2 i 5
S AN R A SOA ST (1) ) — W B, LT 40 AT
A EEM R A, L o A T A 4
A, YuSEPI5e R F O 2RI kb fi Bl AR R
PAAmEE IR 2 11 53 53l A 395 K 45 JE RN IE 7 B A& i B
1 5y 5 3R T 3840 7 56 AH [RIECMUAR 1 18 38 0T 1,
T 58 & BUMSCs 75 A & 2410.2 kPa HL 2 1 A i 1 46 B
BRI L, BUULA HbR & 7 TR KA
T AR TS A 78 5 AR 4, o HL s A 940.7 kPa
MR LS4 . Kit, ECMA# 5 2% i 3 {E
P FMSCsNLI b b HAT A BN .

234 ECMAEE Aok @its  BUlE—H Sl
90 B (I ECMEN BE EMSCs i) A 6] J7 [ 40 4k, I HAT
I 7 3 — 20 U R Y [ AT EC M) v] BLi5 S MSCs
I AR A AN, X L% ] fiE SECM [H
B4y AN TR 5%, 3 ZNECMAE J&E Bk 45 2% 1 4L 24 7
MSCs/r b 3% B4 H(32). Rowlands%5P%2
HColl, TVAYZJEE [1(type IV collagen, CollV). JZ
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Fhi% 4K (1 (laminin, LN)FIFNPUFFECME 4143 5404k
T J& °40.7, 9, 25, 80 kPal) PU FhPAAmE I 3 T, 41
BT N A T T W9 R IIMSCs 7180 kPa H.Coll
R RIE T, B i Mobr & 4> FRUNX2(1H £
IR TR S5z e 1T BOULAH M AR A& 4> FMYODZTE25 kPa
HFNZ B4 (1) 38 5 rh ik K e, FF HAS R0
fiil 52 47 Coll, fifl & 380 kPaff) 3 Jifi th (YMYODZ 1A
IKFERBL o AR 1T, Yu4: B3 HIE SEMS Cs £ Col 136 T & 1 «
TR 55 oA 10.2 kPalf) 56 i b VLAl f b 75 43 73Rk /K
P A, TS TR AU 2R (1 #/FN S, MSCsE
T 55 A 40.7 kPalf) 3 it b sl WLAH bR & 4+ 1R IE
AKOPIH S v T LA 4910.2 kPaff) i b i 0k
. BHUIEY], CollXECMAF ¥ % 5 IMSCs
BCE 3 A EL A A B Wang 28250 3% 1T 43 3]
25 S NG 415 () PDMS 55 Jit 55 28 11 1 H 46, 2% 5
AR A BT P I AT G b, = AR R B 4
190~3 100 kPa; W57 & BIMSCs 22 J51 S 15 5%, I
TEFNRL A (1) 55 0T b By 23 A 48 b 805 45 739 T8 1 8
RS B K T Gn 4 I AL 5, R P #5349 W) Sl oK T3¢
455 B AR AR BRI 2L 5T, 1 HFNAIGtnAfMSCs
FCE 3 A EL AT — s I AR PSS, SR f, 223
BB IR )G, AR BLAEECMAR 5 55 K 0 414 F,
FNAIGtn 4 1k i 45 &5 15 i) 2 T4 55 8 1
A Ak S R R O, AR SR ) R T X el 2 e )
i/, HLAEAS B A 5 V0 B = MR ot b A 451 R
ST AL DL EgS REERW], ECMAEE SECMER
AR EAEH LR 45 FMSCs 701k .

Murphy 25, FH 7% 1 %X ‘i 25 (chondroitin sulfate
CS)FIHy AP AN [F] (1 22 Wi R0 3 7 B0 AN R 1) IR
JR—%E 2 B S48, FLREE 43 5000 0.5, 1.0, 1.5 kPa. fJf
R IIMSCs4% Fh 76 & T Hy AJil 4 HLAE FEE 2450.5 kPa
(1) S RS2 T, RE Al b i 2 T Sox93R 1A I, fi
RUNX27EZ A CS. H 0 1.5 kPalf) s 38 B3Rk
i, 1 IMSCs a] B 41 34k . BERIFFEANGIE] T
SUEREIRARAT N I S SRR B nT I EMSCs a4k, T HL
BERSAy et — AR EMSCs A

B T ECMAR [ A1 S B4y 4, ECM 34 B 1
HECMA [f 12 1 58 & W) 52 MSCs 43 ft.. Lanniel 5
(S 3o A 2 95 A F75.5~152.0 kPa [i] H. 2 [fii 5 Coll
RS EHEIE. BRI, BRI =MAH A
(A5 B TR A YI(ppAAmM. pAACHIppTMP)AZ I K]
PAAmBEIRE, WFFLECMI B 5 3% [l 16 2% XM SCs 734k

IVER . WF90R I, MSCsYERE)E 141 kPa, ppTMPHE
BRI L FT b, JlE 4 bR &5 4> FRUNX2 KL |
W bR & 2 FMYODTE H 450 5 (10~17 kPa),
PAACHK B 13 ot T 238 R M i fgds & o)
TB-TI tubulinE fiff J&F 46.5 kPalfJpAACTE [ 154 1)
S T R Vil T 0 | SN 502 @ 7 A S e =
R IIMSCSTERE K110 kPa, RIS HeppAAmIF)HL
JEHOE T bR s B 3 ARG 45 1Y, {AAECollZK [fi
(CHTIOE G A Wi

3 ECMEEAEMSCsH LHIESH#S
e

I LS N ECMAH 2 (1) 1 B VA AR &5 S ik & %) )
SR IR, A g 27 RO AR R AR 5 A
NIMA, A Resk — RN RV, o i) ¢ 8 o)
e G T T e W o S (S S . ECM-BES
F-WIBE 40 2 RGAEECMAEJE ) 205 5 5%
Sl HEAEM . 9N AR AEECMAl FE ) A5
SHEYNEE S R BRI (E2). BERNT
[ 1 P 1) A5 55 4 i (inside-out signaling) A1 fH 4 7]
W5 5 4% 3% (outside-in signaling)idi i T ECMIE % /)
A5 5 5 G F/Rhof5 58 B G FAEH] . Horp
P4 Z5/RhofF 5 10 26K 18 I 5 Al AR - 18 % 1) A2
R“cross talk™, 52 MaAHICIHE R PaL, DR300 fu 43
.
3.1 ECM#EE WFESHSHNEFERM
311 #=4Fk O TS Moy PPN 2H 1L
M SRARR N 31, an PV FRAT 35 2 F 5 SO
M, oMV BT ¥oE 5 HECM4: & I 52 ke e k. 12
A TR Il BT . OFPBIV EAL, AT EAAS [H] )
HET7 A 4R TS 2250, XA RIWECMER
H A AR 45 SR RS, #5225 BV FRLAT 1 i P X
fit 5 Zh 45 PLI I (focal adhesion kinase, FAK) ) 2 it
Uiy 2 N, FAKAEA M N AR 5 4 5 h BT AR, 3L
BE— 0 58 M5 54 F NV, WC-Sre. Graf, IP-3
W, X5 54 1 XAl gk — IO 5 M T i
1T RIEE e B, A5 AR A 22 43 22 DR B0 A 11 B0
(mitogen-activated protein kinase, MAPK). £ [ ¥
M C(protein kinase C, PKC)FIPIP-53# g 557, #£5&
Fl R R o 7 4 M ECM S LEh B 40 i 4
AHIE: 7040 A0 a0 A5 RGD 7 H1 1) 2 JIRA 55,
G Z HECME A HAE R, 7540 i N 3545 5 (focal
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Fig.2 The mechanical and biochemical signals in the feedback loop of ECM stiffness on cell differentiation

adhesion, FA)Ab, 45 2208 1 2 3k B (1 (R ZA R 3
T 4l A Ma-di VL) E )5 N8 A4 R
ARG, BN ) 21 4k (stress fiber, SF)ZEHZ, it I
RN, TG JI{EECM 5 LS 85 1 40 o 2
IR I oy T IE . B, BOREE AT
R, ECMIE R ) 2445 Sl i 5 # 4 S5 500
5 PP MSCs A R 43405132, [ 38 S AEECMA
JE 285 5 S P O A (0, e TR Rl
P TR 4 v

312 MhExamiedr R  MREsE
Y | 2T Y IR G5 AL R ) R 2R, B AT SO RN Y A
MUTEAS AN I S I T fe . 40 M 28 32 A 45
22 PR R R R 22, B2 R IL ) AR 4T 4 (actin
microfilament), 7E EAZ AN s & ARk, RE
AT nmfE 2L YE . WIBhE 1 DLRARER 2 AR T
TEAXAFAE, SRS & 1 2 ERR, FONG-WL3)
F1; 2 RARMIEh & A 240k, FRAF-NsiE A .
JULZ)) £ 1 40 B B ) A B Ay A SFIN. ) 41 4
(stress fiber, SF)FIFA. FAECMAFI L 2) & 1141 Hg

SF 1 224K IF-WL 5l 8 H 21 1, SF-FAS & &5 K4 1 4
HuAT AT ECM, Jf B A s e de . 12

AT, FALESN 0 A 5 ) A MSCs il 1 SFHR 4
SRR LI AP B O RS 2 SR 4 1 0 L g A ddh ik
Foo 40 0 3E 1 LK B (IO 45 WL 3h 25 I SFW i, X
ECM™ Az 725] )0, WFFE N Sl AR WL LR 22
I[I(nonmuscle myosin 11, NMMII)[7JFH W7 7f/blebbistatin
FIHISFUSCAR 7™ A= 41 L B 425K J) (cytoskeletal tension),
R BLECMAT % 175 (FIMSCs 43 b A1 i th. B 2 52 31410
i, 15 WIS 8 40 i 4R ECMEE B ) 22 05 5 4%
I A AR,
3.2 ECM#E NFES5E S E/RhofESERK
HITRIMER

ECMUE & m] DL 5 WL sl 2 1 40 i 8k ), JfF
FEUCIE NS R RN S TR AT
7, ECMAE BE 1IN a] LA A 4l i ) g 274 5 A
5 F/Rhof5 5 18 I 1) S AR 0. ECMIE 19 i 80
HeE 3R, DR R ERhoiE PEHY N, Rho# i H 32 A4 £
1Rho ¥ (Rho associated kinase, ROCK)#4 % I Bk
8 BB (myosin light chain kinase, MLCK); i
A FIMLCK S — A2 3 i 1 Ty NMMILE 1448 5 SF
W 4, SEAL A 1 5t S T {2 HEFA L, 141 il S ECM
F B o, B0 A T ECMIM 425 )19, H5g
WA ECMAE B2, AT 3 Befi 5 BT EAE FHT 7. Bh 4k,
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ECMAE [ 5 Jin R R ho it M 19 0 =, 3z 4k 8
ROCKE A DA i 0 4 M - 0 B0 1) 2 1 i
A5 0 i PN 4 25 - (Ca™ ) 2 35 n, 2E 1T ¥0E MLCK,
FESPUL ARG SR AT LB R W], MSCsH
WAFAERANAE T IRIAE R, 040, (Ef k58 o L,
MSCsfili FE IR, SEHERLIM 5 R 5KIRAS, FARS H.
FEML 5635 T AE 4 55 0T b 40 P () 2 B AR AH I,
AT R AN, B TR R, VL3S E gl i
HEFIFA LML AR AN 56 31424 b Ak, Kim S UOF 5
R, ECMAH R 66 % 1 15 M 5T N 45 25 1 I 2, 1
AIEFTUE B A Ca™ W B2 11 40 i o34k fg A 244
FAU7 A5 4 v, 3R SR 42 45 % 5 e A EMISCs i 43
AU, WA I ECMAE B 34 n] g Ja Ik 1A 3 K
JEPIEMSCs 7k .
3.3 EEFE/Rhol55EES
% (cross talk)”
FEHE IR JE ) 2724 5 5 #5235 /Rhof5 5 T B 1)
IR, #E4 Z2/Rhofi 5 i % H B2k 0] 2 1 5
MSCst £ L. BCE 55 A A5 5 1l it 2 TR
KA. H A BMP/Smadf(5 5l # . FAK(S 5 il
¥+ RhoAf5 51 I M Rasfs 5 il i B A7 H L34
H, AR FLIE AR, R AN 2R 5 5 P 2%, 2%
TR R AR .
3.3.1 BMP/Smadfz 5i&3%  BMP/Smadfii 543
T8 0 T4 iy A+ 4> 2L, Smad i RN
BMPA& 518 i th B MR 5 0 T A i N AE S
2P A7, DufER WG WY, Bk o b A
PEBE IR R S5 T T MSCsHE 5 % B 1 1E 1k, 12
BROPEBE T FIMSCs 2 T 48 A 2B 11 B WA Tl
PEIEIT. i — B WF ORI, B AR 5T R 5 # B
RAET /AN E AT AR P k.
BB U A G 2 -ECMER I AW =, N fis &%
BERMNA; BB B K AR B2 A
(bone morphogenetic protein receptor, BMPR)[H] VI 4]
JH 5 A7 A AR, AL TR AR 5 Smad 1/5/845 411 1l
PR AR &2 T I A DG R 112(microtubule associated
protein 2, MAP2)., it 22 5255 (neurofilament protein
light chain, NFL)# [ il fi(nestin) &5 138 L, &
2 P EMSCs A A2 4 il 7L (KI3A). AP, Zouani
SEMR I, A5 2R 1 [ e T BMP-2A UL IK H 43 S A 40
VLR RR IR 5 i ZH 2R B FTECM_ I, MSCs¥4) ] iy 4
Ja 53 Ak 4R 5 3 SENMMITR) B B 7blebbistatinfil il

Lt {

Tl

SRR

N

SFUc4E, 45 R FEC IR P FIAE FE 4 2F N R AR oy
FIIRIAL ) 52 B BT, [ Smad1/5/8 1B FR A 7K ~F-
FAZ A B2 A, i WIMSCsatfi i 4 Jid B 425K
J1 B N ECMAE 5 -1 1T BMP/Smad {5 5 % 51 % M
M7 Bl 7 (B3C) .  [Kitk, BMP/Smadf i i
[ BCTE RTECMAEE A T IMSCs il 7310 5 A7 i i3
& H, TiBMP/Smad /5 = i % (1 910 i) {2 ZEECMAE i
7 T IIMSCsti & 434k

3.3.2 RhoAfz Fi# 3% Rho&—REE MG 5
FF, R¥EE“TTIFRMIER, 1EGTPE & Mg
RS FIGDPZ: & (1 ARG AR A 2 TRl PR ) 4, 45
AME T AL 2 a0, JF HILAEWLZh & e 40 i
ZRRR A PR A OER- . YuSEPIF R B, ECM
i F52 R 2 1 % 3 AL W) 4 I AEMS Cs T O S 41 K 1
FA, 4 K HIFATE i 3% 5 B3R AL I Rho A (R 5 il
¥, [A] I Rho A S — 25 B4 I i 45 %5 7 MLCK
Ak, FHOSNMMILR) 3G £ B AT 3G 5 4E F . NMMII
0 B SRS i P AR LB B 1 40 R ALK g, AT
BRI PR AR & S FMYOD. GATA4RILL UL 4
M #x & 4> To-iE UL B £5 [ (a-sarcomeric actin,
a-SCA). WLEKE 1 #E H%(myosin heavy chain, MHC)
FKI5 L, B 2R EMSCs A 4k 2 1 UL 4 (&
3B).

333 FAKfzFi@#%  FAKRHESEN TSN
A 5 i T R ) A 54534 9 7, Friedland
SRS/ EECMFE ) 225 5 3 A e AR AR A5 5 i
Rt b, b LBk a5 L3N 8 1 S 4 7 A= 1 4l
JHa ey B 5Ky MIECMAE 7 A8 1) 4 sl 5k g 3L 8] H,
firh i B 2R o SBIAEAR TR 25 (relaxed state) FT A% 7KK
A(tensioned state)Z [ V)4, 1% i FEAA ] LLIE i 2
AL 22 aSB1-FNZE 75 47 (aSB1-fibronectin adhesive
bonds)) 55 5 5% 1 41 fl S5 ECMIP) £ B 71 B2, 1 H.fg
S AN W R A7 S AR A, 1B R A7 i AR A B
Wois TR 5 2> TFAKIIET . 534k, FAK W] LUl
I Rk RS R BT AGAE F, B 90 i 5 ECMIK) &b B
7 B, Salasznyk 25 R H siRNA$ 1) J7 74, 1k
WIFAKGE 1 5 R A5 5 20 1 40 i A 30 7 B 1 3
i} (extracellular regulated protein kinases, ERK) 1] &
PE, HPEMSCsl 2. 554 WF 5T 4R %, ECMIT
i 1 RhoA-ROCK-ERK A5 = e 5 i (i 30f B 4
RS B s DR RUNX2 IR R, e g i 48 i ki 4
JEMC3T3-E1¥ i & 40 4™ Shih% 1 1 ik i
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FAE R, TRPCFAK 5 ROCK I A7 5 1l i fEECM A
B PRFEEMSCs U 70 A FE v A7 e FIIE R, WFFTIESK
ECMIifi £ Ji i 3% 45 % 02-ROCK-FAK-ERK 1215 5
¥ IE %, HERUNX2I RIS, B EMSCs 7L
B 4 (KI3C).

3.3.4 Rasfz 5  Rast[I7EALH K5
AR 5 7 R wEEAEH, A FHE 54 SN
N MMERK. 2K [ ¥ BB (protein kinase B, PKBEY,
AKT)HISmad®5VF 2 15 Sl B 1)« JF 8™, 24
K R 70 52 AR I Z R U (receptor tyrosine kinase,
RTK)Ji5, 52 14 41 )5t 45 #4380 1% k., 5B 1Y) % 1R AL
7. 5 R A K R - 45 4 B 112(growth factor receptor-
bound protein 2, Grb2)-SOS# [1 45 & )i, SOSH 11
B Vo, 1S Ras T (. AKT 2 9 i B UL -3
¥ Wi (phosphoinositide 3-kinase, PI3K)[# — 4~ F Uif
B, 35 AKTZ 5PI3KA #4541 i 384 8 7 k.
Hamidouche %5/ 57 il 5 ## 45 a5 5PI3K/AKT
{5 5 18 5 S ERKAR 5 1 i 2 (R AH FLIE AR, w] e

TEPI3K/AK T/ 5 i % MERKAS 5 i % i 5 50 b
B FRIE, (EHMSCsHCH 2 1. XueZ5EBHE 52,
40.03.6 kPaffy il ¥ JE s MSCs i 73 A (2 2E A
o H Ak 3 i Smad1/5/8 . AKTHIERK )
FR ALK B R P i ) sl R, HfiIRas Ik, &
LR W5 5 4> - Smad1/5/8. ERKAIAKT) 52 341
i, 9 HSeE 2 AR & 2 FRUNX2. ALPAIColl#
5N ;MG ikRas)E, K Smadl/5/8. ERKAIAKT
o, UATERKBEFR A /KT R, 1 i A b s 20 1
RKiEA B, FiRg RiE7R, Ras-Smad1/5/8/AKT/
ERK A 5l i fEECMAE i i #5MSCs i 7346 Hr 473
BB R4 (0 A 8, A AR E S Wk S
I FE R (KI3) .
34 =HEFTHEFEH TECMEEE BIEMSCs
SR ESR

= YERE IR AT FECMAR i FEMSCs L I AL
5 e R IR IR AR IR 2 e T AR I A AN UK Y
ECMMERE (P fE . —4E3G R4 T 4t Mo Ja it S 4
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XTECM= A 7% 5| ) ok g N ECMAS £ JF B il ECM A
J&E RN 3£ Z5/Rhof5 5 38 % G FRE 5 17 = 485 5%
A 4t i 2 S ECMBE () i 7 5 SFI 4 FTROCK
PR NG OK, (R ] fe 535G 2= -ECM R [ & &ty A
M) 2247 5. SapunfEWUR] HI A% 240.2~59.0 kPalf]
PEGH#ENR, KIMMSCsTEAlE459.0 kPatt it Jl iy
FraGaeik B, 5 YEREFRSE T BRI 5
MSCs 5 il & 1 AR 2 M e, It B L3 & A SF#
AL = YRR IR 5T, MSCs 2 [FI BRE . 1
22 RS R 70 1Y, 1% 5 2 T Huebsch 2 (T 5T 45
FAH o BE— 2038 3 n 2k FIRGDJA BEL T 4 75 %2
LHECMH [ 8] ()1 &, K ILECMAE [ 75 5 [MSCs
B At 2 52 4L, IS R -ECMBR 1 & &
WG FE T AT 0o BEAN, AT hir 5 E AR A
KA. blebbistaine ML755Y-2763273 1] BH W 1k
2. B . NMMII. MLCKAIROCK, #F 57 & i B&
TR ERAG I HEMSCs U 20 A0 T Ak, Hofl L
FREHIT RIS TR . R g PR, = 4eRE 77 414
FMSCs/& N ECMAl it # 5 Lask a8t i 45 SFU 46
7= AR [ 5K ) FIROCK Y Bk Js 3 G M), e 4, 41l i
BRI R A, e B AT a2 g5, 5
FAZLEAT G, HAE N 534 ZATEIR, TR
R LT RS F 40 W o v () 22 )8 52 B D) RV 318 IR
HE] 22 )5, B SOB S AT A8, i B
T B EOHBRl 2 9 O . IRIE = e RE SR 404 T 4l g
N ECMA BE If i # v] e 548 & R-ECMEE L & &
i A (1] 2247 RO, (R AR LA Rk — 5T

4 EESRE

ECMAfi 5 il #5MSCs 73 b5 41 23 T 78 ) 152k
B 2fH LA R e . HRY, X TECMAE & i 2
MSCsZHIEH VF 2 77 TH AF R TR N, HAR LS
W LA

(1) H 87 K H A 30 4 2R 0 2 I ECMAS L A7
FE— 5 B I, A FEPAAMAN I I e ke 4%, b
PAAmMBE I H AT — € 40 M 8 1, [R) I 4 i 20 458
TG I 7K P e A o 0 2 AN 28 AL ) 3 i e
U2 55 8 A i P A0 DO o 6 () e s, D) e T G A B
JEECMB 73 110 S5 25 Lt il — & T4 Rl e
RENE Tl 25 H 5 AR P AR BEERBE SE InAHAL, 36 - MSCs
RN BRFER b A R 2L 2R B HAL A AR A 2%
PRI ZH 30 R (1) SC AP RMIE 1S 57 U RR T

(2)H AR = 4E 15 72 44 FECMIE & XMSCs 74k
RIRE 5 Z YERE IR 54 AL, ARl Tk = AR
FhgAE FRIES . BIUIN 1. FLBRZFFN LM 2445t
— 11 B S T AR R SR AR AT b X DLW L
Pl At N ECMABEEE 5Z 0 40 AT A (1) 22 5%

(3)45 1M1 1= 2 T EC VIR 52 300 5 N 3 7 Ty v s
JJECMAE B MSCs 7 A If 1E— 2D WF S RN T 4T
IR SELA

(4) HH T ECMA AN 2 4 MS Cs 7044 1) il — 4]
%, ECME sl s 3 0 AR 40 e TR 454
Ty R4 J7 11555 58 T e IR 24t I AH LeATD SR A7 A
ZE B, DR A 2 S 4R T 2 5 ECMBE A L [R)4E H () A=
Y s AN BT 2=, RS A T 4 iz

(5)4H 2% B ECMIBEE 5 1) 3k R 2 H AT AIF 5 1) 4
R 7 TR ) D NAT 5 e H A G BEAN
BRI R B g — 7 T Ax 22 S 45 L8] (1) Y AR T
FRICAE I, W50 A R BT ECMAE B ) 2445
5 QU 5 A Ay AR A B A A KA B ) (R Ak, 1T AT
FORLAEAL 2 A S R R VT N 2 sk . 4l
JLZRG B ) R 22 S5 AR Ok D) 25 A5 5, TR 1)
DG S ol 5 R AN )45 5 AAEE 5 1
SGHEIR, TE R —NEE R )2 2 IR 5 I 4%
XL FR 414y i A — DR AR I

(6)IL 4k, ECMA & 1 #EMSCs /b 1 VF 2 4 %
WS, €4 01k TECMAl i #MSCs i i
MR %, BVFIEATAE A R 5 0 5,
KZHUE T8 EE AR DINUHIE A T, %38 % 2 W)
AR EL I R TR D, HE— D5 5 10 B AT I
XL,

M2, RSV % 8 TECMAE £ 1 #2MSCs 43 1k
PRI A Ny, (R IR NI R R AT, K
N BRAT 7R H L I FMSCoML I an s, i &A1fE %
AT 2 10 F B L4 o A i E R, A 30 AR
Ay s 2 P A A T B TR
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