#35% 5] G Vol. 35, No. 9
202349 H Chinese Bulletin of Life Sciences Sep., 2023

DOI: 10.13376/j.cbls/2023133
XEHRS: 1004-0374(2023)09-1207-08

B sl AR & SRS H NI E

WEW, REA, KEML A A

(Lt RFIE s NEREE B, L5 100084 2 BTG R 22K B R4,
i B 273165; 3 ALARUIAH K@ sh ST @ B A B E sk =, bt 100084)

EiET - = g1l Vi = L CE R A N I 0 7 e e g I = 2 28 S I 1) F = 2l e S PN P
SEILAERR AN MR A R A0 B N RS . 1A R RINUUE 57 S5 Thae. I I R BB B LA e A B
AT B 2 R 2 AR B B NI BE (passive stiffness, PS) 19484k, S2MARE#§ UL LAERE /1. 12 3CHiER 1 & B U140
i 4 I S A FITh REER R 0T PS FISEmR, 10K A B T — D B B LSS M S e MERE R G &R, T
RAHEESEE PS, S EHILTIRE, HANUEIRA RS NUR R AR G 7 % .

KR - UL EAE A WESINIEE s WIBREE B s A SRR

FEZAES : G804.2; Q445  ITHAFRARAD : A

Skeletal muscle cytoskeleton and passive stiffness
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Abstract: Skeletal muscle cytoskeleton by position can be divided into nuclear skeleton protein, cytoplasmic
skeleton protein, cell membrane skeleton protein and extracellular matrix, maintaining the nucleus and cell
membrane homeostasis, force conduction and mechanical signal transduction. Recent studies have shown that
damage or loss of skeletal muscle cytoskeletal proteins are mostly accompanied by changes in passive stiffness (PS),
affecting skeletal muscle working ability. This article reviews the structural and functional links of skeletal muscle
cytoskeleton proteins and their effects on PS, which will help to further understand the relationship between skeletal
muscle structure and passive performance, develop new strategies to improve PS, enhance skeletal muscle function,
and provide new treatment ideas for myopathies such as muscular dystrophy.
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& PS. TENAAH B UL PS FIHF 7 R AR MEHERR 1 28
SFy RATRIILBRSEXT PS [R5, DRIEXS PS tRiE
B HIBE TR 2 B AR S AR B VAR 1 B LA
A= 1. A UEYE R BN B A A UL EE H
(titin)™! £ L A0 e M 2 AT B AN JULAH L N 1
KIS HEEN Ao SR, WUAR AN B B LA B2
BT B W B ECM B kdE. (R, A
FEN A EHILE 2R E A AT S PS R AR,
WU B (2 LA AR ) 20200 (B BRE B L)
W E L PS MHE R R, it — DB R A HR L
IR S S e s MR RE SR RE A, JFONNUE IR A RUE
SEE BRI 1R T SR AR K

1 EEAEmRE LR

A Hf 2 7E AN WS WU AT A7 A [ B Sk
PR, H 5 P R AR SR IR B R 7 28k 1) e 97 = H
R 2 vhE Ve BRVLAT I SR A B A
BEED., WRMAERES (T AMPLE S ).
2 b R v 2 B RD 4 R AR R o (R UL I
FULSR S RTILA IS )™ o 4T i A% 22 05 4% 3£ R (nuclear
matrix) %4 JZ (nuclear lamina) F1#% 1. 2 &4 (nuclear
pore complexe, NPC)., #Z4F)Z1E N “# & 22 F4H i
B HER$3L 7 (the linker of nucleoskeleton and cytoskeleton,
LINC) B &4, KAz 5N . S 2es

EdVE il o3 A NGIT I AR =R= R ] ik =
R NAIAMEREENE RS - OITAN R
48 3 ZE i titin A1 £ WL 30 & A (nebulin) 41 5%, Titin
RERET Z MM 22 M E A2, YT h
iR, 9 5t PSP, Nebulin A& —Fh v &5 BN 1)
WBhHE 122 (actin filaments) M\ Z % 2B 401 22 533
BT E RN &, AL " s @By
A2 G0 Bl R [A] 22 25 [ (intermediate filament, IF) 24
B EAL TR LR R B 2 e B A
e E . WA AR AN AR SO BE, 4EFRIULN 2
MRS, N RIR gL RE M. TF g R
1 (desmin) ¥ 26 52 3% 422 24t H A% FH 24 o P B 42 ) 25 1)
gl U, R R (T AR R S AR I 2R
H, XL H s LA B 4L 88 B A ECM 2L iR
JE, 3 4 R b T R 3 R A R —— IR
(costamere)"™! SZH. HEoR, B EEULLNMLEE costamere
THENAME SRR, BT — kR A, ECM
REMRFEEA. BEA. EREEAsEEEa A
B = 45228 IO 1) 20 IR 10 A2 W 2 Stk
FEFET AT SB[ 0T B, O 4 B o AN AZ S / Atk /
TE AV P FRAS 5] B 40 RGN K s, 4K
Ik Joi AN 20 e B A RS B (AR B
S SRR MBI H 5%, PS5
FOUF) AR e R 4 ) e R 1
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2.1 YHREtxE SR

77 0] DL 3E ik 24 AR S8 AN A 5% T A% 3 3 48 P
o 2 I AN RN M 5T 1) g 388 i A A% 366 380 48 A
W, SR TR . B B A% (outer
nuclear membranes, ONM) Fl1 [ #% & (inner nuclear
membrane, INM) 2%, K& KBRS S5 EA,
DA 4% 861 K 43 1 HE N0 A% A BB NPCP. INM Py
ML E, TR R, BN A B4t
JZEATA L )ZE A A (lamin A) #1C (lamin C),
i LMNA FE[R A5

Lamin A/C #i 25 5 53 45 [ 41 i 76 4% e o 1%
B B85 A N A - a0 SR e U Ty
[ A7 (™ B H A . Lamin A /&A% NI ) 5 2 51k
# B, FEHARFMAL R EAHE MR ELRILE
AN BRIE B 2 WL4T M A lamin A 82588 i T
VLA BE, ERK1/2 45 5 B 40 6 55100 8% 1 R A2 40
FREIHLNE (1 5ESHS) s ™, bFEE
VA4 5 R B B T SR o e 22 UL R
SLEBAERRG, LMNA M OGS RYENUE FRA RAE/D R
HIE#IA R E i 2R B R, IF HALA4E YAP
Wz 58S %5 ®, Lamin A/C B4 (870 A6 YL iE
TRENIEE, XSy AL S P SR, H
HU AN 56 4% 2E lamin X5 ALIE S 77 19 B2 %25 A lamin
TR S 2 HARH LR S AR 0 R
2.2 LINCE&HSHEINIE

a0 M AZ A B BRaE ek LINC &5 W004% 2 A0
P Sk 2 TR) AR ELAE SRR 5B R LA i g 2 B2
LINC & & 1% t 7 - ONM W (¥ nesprin & [ 26 Ji%,
5 —A C i KASH g5 43, 54T INM [ SUN
S5 B EAE A (1 1). Nesprin d2 H W] LLGE &
actin, fUE A R I8 B F UK BN 8 [ (kinesin) A3 /)
H A (dynein). 5 IF FHIE K W 2 1 (plectin) 55 21 ffl
PO 4L B LINC & A A R % 5 A% JE A% 3 LB
77 B, XA 138 T 4 RE R oA - AR A R AN
S HFEZ MR, MIX P IR 2 A 2 E R
5N FA0 f 2R 22 M0 BAE T B AN [F] KASH 2 [ 2H 3¢
B LINC 251 SR 7456 kS, JF B
LINC B &R BRI, A REEIX T g 2 [H]
Ui, W4 08 2B A% B A

SUN & BEMKIR G4 )= NPC MLt i 455 .
KASH 45 #3555 55 51 INM il ONM 2 [a] (1% i 2511,
5 SUN S5 #g38#H BAE . FH 1k T KASH & H M

ONM ™ Hit 2 28T 1 A T M. KASH #& [ % {8 21 4
Ja i, Jf SeVF LINC B & 145 & A A i 41 i # 42
TelFAME 5507 SUN B ISR E N AL INM A,
5 lamin A et 5 45 & B A AL B A AR
HAF ¥ LINC B & e iz, UEEn
DLKs 77 #5338 B 40 B #% . KASH Fll SUN 45 i35 2 7]
()2 A ELAE AR T LINC 5244 anfal S 4 48 i
40 IN7E KASH & E ERIAUR T .

Nesprin 5 SUN 4 [ (8RR B 15 22 7™ A
A2 A7 3R g A i T R AR (R 3Rk Y. fH
TSR T ZEM A SZ AR I LS 2 B2 T LINC B
BRI RN T AR R], BE X R
FUFR il A T s A E L, DA WU A
1 PS. LINC B & ATIREME R = FBUILE R A
K, LMNA RAZ 2 5 S0 A0 B SR I 2 AN 45 1,
Thegk, XRUIZESHRZN. ShE 270
RN T B VL PS R SO

3 WRERERSWRIE

31 ANAERERSHIINE

Titin 4 € T A 77 KR IL22 70 Z i g L 22,
MWLM, & 51 5T PSP, Titin 413 Ig 3% (78
B Bh5K S R EL ). N2A (5 F-actin {145 & i P
SEa T BB ). PEVK XI5 (755 mshik
AR ) ATz G ) 2% 22 (end filament) 4 3 5 45 44,
2ol 6 A titin 3 A HEAEIRFE KN AL
(sarcomere length, SL>3.8 pm) F1AH M. ] = 4 2)) 5K
77 F B ®( & 1). Nebulin f1 N-WASP 7 Z £ &
A AT LU IGF-1 1% S (1) actin 43 32 WE9 i
Bi%, W] nebulin 7] 58 LE 51 R LT HCE 5 n i UL
B R /R U Nebulin 28748 25 S AR AL
i, HFEWAT T 2 nebulin /F7ERS, 4022 NI
FEHRE T 3 4%, F W nebulin X 4k EAE L £ %
I, BTN TR 24 PO IR
nebulin XF PS ( JJAIAFE ) 1715 F B A

E/NRAF, Ui ECM #8255 & 2 B vy
LB Bk o BONBESE SL B3, /LR
iKY 3.2 um SL INIFARR T4F4iti e, JFH
FEMNR ) Fe e SL AL /N ERIWUR A & 38 0 1 1 5 A
B XA R E LR S R LR, B IR
PRI B BEUL PS 2R . X$E7R, 4 SL AlfL
gk I3 7E — € B TARVE R A I, WLARA A titin %
AN DX 3 AR BSOS 7 A s H X L R I —
FE K E K Frak K, titin (8 SO AT BEAS & LA
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HHEEL, DRI LA B P AU S 5 200 i JUL5 oS 2
H S, A EmZ0 ECM KEMERH, B EdE
BT, TR B titin 32 50 U140 PS B oK
() # Y B LI PS. BV el 2 B 8 UL A PR 050 12 1%
PG, A B UIE RS TR A R R I PS.

EMF YT, titin A& $H 10%~50% [ AL 4H i
gk A3 BY, T LG I K 52 20 45% LK 1, XS
BT titin 7K 52 e £ 40 22.5% B LR 5K 77 (45% )
50%) MIgEe B Ol fmE R R B, LR K 5
ANE B LK R 1R 5%~10%, 3% 3wk 4 titin 1Y
ARAH R E BT T 1%~2% (22.5% I 5%~10%).
SRR, R AL L, titin 7E LA PS
o B HAE B e B 8% UL PS | B s B Th R PR K AR,
B4R AR Y PS = E M titin £ 5.

P Ebitie, BATHAMER R Noonan £
IR FE e S, 4 &R 3 B8 I 256 5 B ULRE KA UL
(extensor digitorum longus, EDL) #1112 L Lt B £ L
(Soleus, SOL) 4[4 5 73 7 3G AN ANFEAIK, JF H EDL
rF LA AN VL SR 90 B AR A B R AR fE K SL &b, B
B EDL F1 SOL w1 [ titin 2 7. 4 F _E 3 25 %t
PS WA AR, I LA 52 3% P R Il 50
IR . SR, AN[EEE 375 =00t [F] — Sl & LA A
U (WA AR WA R B He g 3L ) 19 PS SEmm ANl
2 S E RN PS 22 5l R A H H titin Y5,
1M H. titin 5 VUL HE 5L PS C RIS %,
KA A B A B SV B BE L PS A titin 5 B JCK,
1M BB K2R 5 N B AL titin SR A ARG &5 i
A/ R AR R R (RN ) A AR R, FERT
FELZH M PS I5F, % )& titin A1 nebulin 2541 il Py 45
M EIAER 5 T AE R T VLR AT e UL PS B, ik
J%i % ECM [H1EFH
3.2 ALFSMEZRERdesmin SRR E

Desmin 42555 AH SR LR £F 4 1) Z 2648 L% $2,
B BN, DL K 3% B2 31 2 b A A UL A Pl A%
Desmin tHfF7ET M 2, desmin t7E M 28 ALK 7] 1%
FNFE A4 . Desmin 5172 40 i 2L 85 A ELAE A,
M5 plectin ({48 T AE 44 desmin 5535 5| costamere
(B 1. PULZES 5 A b & 3 2 & 1k (dystrophin-
glycoprotein complex, DGC) Z 5HM#E 5 *Y, £
desmin 5 DGC )40 T.AE H] fC Vi i UL 40 i i 1t 47
JREBHLIS. 115 5 1% 5

WF LR B, desmin 3 [K] & B /)N B SOL # 5 7k
FIAPS B0 B, 3F H titin 1245 N BE AR BE PS (1)K
M3 n B, T desmin iR R4 i 4 4138 B A ]

AERYJEFl . Chapman 25 " % 3l nesprin 1 F11 desmin
X D] e o3 /N B R A B 7 T 2Rk 5 4 A IO AH —
2, WORWIEES I, m VLA R E N, X5
AR B A ECM JiARSE N . 7E desmin @ bR
BRI, UL R S 2 4 () A R ot A D912 %) 38 o vy 34
TN, T UL P B P SR 4 4 A A s S 3 i B, i
FE7 WUSRORT LA M ]I 22 S5 1 D5 IR0 A LT IR i 4 4
SERIRIAR AL, HrAE mdx /N B IRAH S B T
desmin ¢cDNA #EZLa] /DL FRE P, #2, desmin
AL T IR AT e I b RIS iR e M, ik
Z 50T M ARAR S FAENE, 1AL I 7= AR AR i
HRE A ANE 2

4 ECM5KzhRIE

HHENLECM -4k A (IR SR A st A
) KT ECM o BE Rt 1, a5 S0 (IE A
JRIREE ) T ECM 3. BRI T UL 4 4 2
2 (intramuscular connective tissue, IMCT) [ 2%, H[I
ECM [ O 2F4Em 5y, IMCT @H 2 N=J2 : IA
fiE, WU FILANE U IMCT &4 % FhE i
JREH, HP 1M Y RFES, NEHILTEM
FARSRE o WL EAE — AR ) 28 R I 4 -5 LA
PR AR B, R Bl IV R R & A E R
# M (laminin, —ff V B IF 2 9 ) 41 /% . Laminin
Bt RAE 9l A5 H costamere 32 AR FIBCAAR, AL
XL SR LS (B 1), Bk, costamere AJ
DA 40 B ZE BT DI, 10284k, OB R, A H4H
425 K37 ECM N 424 . ECM H [ C 44 (laminin
IR HE A B AT 4R R B ) A B T I s SR A T
EERE, FECM EEEME A M, HFHES
% (integrin) R4E, Rl 2IRA4E RMLRM E Gk (4
4 oK ECM ZE B BI4HA A actin 40 M0 42 ) 4,
ECM & [ B 5 52 1R 4H Hf 3% 1 52 44 (integrin 55 ) 15 .
ECM k% 5 Z il it A2 204 A [F 1) ECM. B 7y
Y R IR A e S (BRI ) BB U 7 i iR A
YERNLFAE (2540221 ) WA, HLAEALZH B R
PL R B I A R R i A2 AR A 9 5 2 2V e 1t A2 BRI
AEFEK. JEH, ECM Lz 5N S .

YRR UL) PS 2 LR 27 4E 2 AP S5 1 o
52, FEAE ECM g R E [ Y, BCM Fh iR IR
AR R A RALWRIE 2, 2g kI, 28Il
SOL 1V i i 2 1 0 & &y TP U B AL (rectus
femoris, RF), {H laminin []& =% T L RF, HE#E
i figsh# sy Kz Y, I B4 SERF
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FI SOL ) PS 34/, {HAL SOL (¥ PS & ifit /3l 4k J5
) | IR S T R [ B U 3y e B =
BERLAFSE oy A4, TR 03l T WLET k28 2 1) 18
LS . 5 RF AHEL, SOL A B ZMRIEEA,
I H SOL b i Ji Ji 8 (1 1 s UL PN JEE 0 UL S e
FITHAR 43 B0 b RF K. BEIRUG, IR 2 S 8UE 8
WL PS B0, JR R ] fE e 1A 5 8 (B A R A
A SR R RN P £ 4 (s B, TR 1 I 5 2 16
HHEWLPS, R R AT RE R ULLF GE SRR AR R
IV B figs i B (1 F laminin 22 4k 55 UL P 5 R AL AR
.

Z U AR B, desmin H2K. nesprin 1 F1 desmin
U BT il ok LA K dystrophin ik 2% BT 52 350 B0 /)N BB
AL PS g hn B FL HF ECM A%, Si4b, N
R LA K 4 3% D5 2R S EUN R IR B AT
WUNLH R B2 48 0, HLH: ECM ) Jig J5 8% 1 20 Ik i
B, ELULAN M R R A 1 B B BT U A
B PS 2 T ECM [RIEE RS N, 22 i
IR AR ZHTEC ™Y 5 nesprin 1 A1 desmin XU [ il
BN SRVLAR R R 388 n, i AL 91 38 1 122

B WUR ARG g gL PS 32 i ECM 7K 3
B H AT R, PS AR 1) 22 5 A 2 B Al p IR
BAGERE, MRAEEE AT/ LB R %
Ylo i, TEIUAH & Bl 25 1] oo 252 30 i) — A 52
P G5 40 2 UL AR J B 5 21 4 45 (perimysial cables)
— T A R UL R A e i LR A T )
B, & ECM AP IR VLSRR R i 2 11 2 K
WIR A4S R B A %5, I H desmin @k 2= 5 3
B LR R S 41 4R 25 i (A EAT TR AN )
Bom, tEREE B R PS RIS A i IR AR A R4 i %
BN . LA BB TR AT 4 45 ) % PR 243 mdx
/N B B UL PS 30 VA 45 R £ 4 R 5 A 2 Y,
XA RE R R —HEHI AN T . B, ECM %) PS
(IR FE LA 75 B — R AT

5 Costamere 5#ENIE

Costamere X 7 ALk 1% 22 48 i ot & 22 5 ECM,
BRI M LTI AL E R ECM (N A4 ), FF it
KK ECM & 11 ) A% 3 2 U248 i ( el A m )
Costamere =22 N A -S4, A H - BREEH -
T4 R A 4 (vineulin talin integrin system, VTIS) Fl
DGC (K 1), T4 A& 2L/ ECM Z 8] (94 .
ERH . AFE U4 2 B — 5 7 19 48 i 4 actin 38 i
dystrophin 5 ECM [f] laminin 4% & . Integrin o7B1,

— P i laminin 3244, W B T4 ECM #1148
Al N E 22, Dystrophin 1 integrin a7p1 43 Ji| 2 &
B IRE 1 5K A B RIS 5 5 SR
51 VTISS#zNIE

1t costamere H', #HH [ (vinculin) £ T i 4
M, LEUCAL B actin R RN ULAH B F, vinculin
[ Sk 38 X 38 25 & a-actin A1 EE 2% A (talin) (& 1).
Vinculin F—NBRIR S0 & 25 i 22 1R 1Y) X 4R
FHIR R HE 1T i, vineulin 7E integrin ZREE KT Y
JTEHY = A ARG B B s iR E SRR, HE AR K
B 252 m B B L T integrin A2 H 9 AN
AL o F B AR R AR, S 5 M NE TN
B M, Integrin 40 #h S5 A A0 /E ECM o, 1
2 PN 45 M) 38k 45 4 talin A vinculin PAJAJ4%6F integrin
R ) a-actin (& 1), Integrin a7BBID /&
JENH B costamere [ & B R M4, H A2
R Er s RIS S A UL T A e

VTIS GG % Fl 5 b o — IR Z Ak, IX L5244k
EAMR P P s JEE HEMER, BT ECM
55 actin 40l H ALIE R, JF(LEE BCM F140 )5t
2[RRI S A58 Y, Integrin MK RhoA {5
SHEG R actin 31 1226 S 5HIWGE S # S .
Integrin H LI F7 /#8075 FAK FI1 Sre X, I
i i Rho GEFs LARG I GEF-H1 i 5 4 ffg 37 Bl 4%
fifi ¥, RhoA 3@ i i i 3 AL 0t B 7 - 4E (R 1,
LW Rho AH G ()46 1 IR i€ 25 LB . A RhoA
IR AR B AN K AR A IR T 1 B
ETRR A BN T AR 4 BCM W, Za i L
AT TR G i 2% 5 1 # 5L RhoA 5555, DA%
2 M A HE A4k, B 2 4k, integrin £ 5 1 BTk
Gkl LINC E6 W0k ) B s 2 a4,
YT R R

JIHE VTIS b AL 26 45 ECM (1) 2 55 V4 A1 48
5K 2 TRV ST T AU L 2 4 O FEN U SRR
JIHIE IO talin SEHLIEUR SR FT R hRE, LAGIR
AT, AT GH AR ) 2 R PR R RN R PR Rk
KA. AT FTIR, integrin 5 ECM FE )i I AH
HAER, Rl VIR E S, FOAE VI RRRE
HHEGRREFRIIE S, YUE e &R ESE
JRORAE T B B
52 DGCE#zNIE

DGC w] DA A [\] 1) A A0 47 AiE 1 i A7 5
EANWEAER : IR A (sarcoplasmic subcomplex).
HILSERE (#5155 (sarcoglycan complex) AHiAIL
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ZY5E A BT E 5 (dystroglycan subcomplex).
DGC J¥ i, 1 45 4 240 M P 45 44 (40 actin 41 ffg B 22 )
M ECM B A &Y (Kl 1). DGC 25 | 5 H .45
A I B U R TG EUE S s, fE4IIE 5%,
Y RE RS E RS S BN ) A% T 5 TH A RS REAE
B, H oo, actin-dystrophin-dystroglycan-laminin
TR AR B B LIS A A Ao i A DR 4 UL i RS xst
Piblh 11, S5 FHEA RXNESHS.

DGC iy RIGERA, B4/ T 30 ZHh A
S FVE A R R AR/ R B, Mdx /R
HRNL ARG N, IF B 3hik 7 b 3G RE 52 3145
E, EHLPS $5n B, m g L 4 gE 4 ZUR P
TR, I ARTEIE R, X 57 g 17 sl gh 4 20 24
0 I FEE R T B UL M o S5 4 I 2 mT BAEK
3 mdx /N BRVLP e s g A PSPV — Ut B0
123l 'F 2 dystrophin 2%, JHEM LR 307 T 37 7 B
iK"Y, AUk, B &L PS Al dystrophin 25 £ A1 5%,
I B A A& BV B0 I 5] B 2 5 B B LR T
PS HIBET -

DGC £ 5 actin 5 ¥ A1 L40 M -B 22 50 25 0 75
Syntrophins y actin &5 & 8, NRAEHSEAM
JIE5 5 A7 b 48 B A 2% T 9 syntrophins {2 #2E BV, 24
laminin f£7ER}, syntrophin 5 G 85 H ) GPy W3
FHELAEF, AT LK) PBK/AKt {55 . DGC
2t syntrophin %24£ Rac1®™, 478K, sarcospan
5 PI3K/Akt {5 5 B (A0S A 55, XX PS. LK
A B A B A (R Y 4y L. k4, £E utrophin
R A i, sarcospan i@ i /) integrin 1D 5
dystroglycan & 5456, SCLEFM S A2 (A
e B sz, W@ IRk RS S i
S, AEE RS UL S B PR, AT LA 4
JEE Ry e

6 NEHRE

r LR, AN PS 2 titin A1 nebulin
7R, LAH M ORI RS HeE B UL PS £ EEH ECM 7K
0. A ML N AN )55 5 AR LINC
TE LA B P A1 1) 705445 5 B ULAE OB costamere
(VTIS #1 DGC) i@ i HLHGE B 15 5 4% 5 /15 PS.
P (AMAZ. dHPMR T 2R ). dH R 2
H H (costamere) £ 40 il 7B 22 85 1 (ECM) H4 & 8%
WLEH AT AN 2R — N E WK I = A, LE&Z
WeshB A, TR PS. R WL 4 3h Th g 1 s DK
T 1K LA B 2R AR A LR

WLMAS 5 5 ST 5 40 B d | 20, BB 220
ECM 728462 AH OB, B 8% UL 40 M B 22 0 7]
W% PS, & B WU AR ME B 77 A TR R R
R IERL . AR T TR 2 E B WA EJZ T (L4
U AR e B UL ) PR AT 2 5 PS K R,
# 5% ECM. costamere Al LINC 41 fa] 5l 85, 2% & XU
m Y% PS, FRRAIRTCIE S5 B 4L 8 [ PS 5
Wi S AL, o ERARE RSB 02 ke, R
WIS 17 %, R ErE#UL AR TG sT
WUE FEAS R E S5 L0 B9 8 BB LA

(& % XX #

[1] Pavan P, Monti E, Bondi M, et al. Alterations of
extracellular matrix mechanical properties contribute to
age-related functional impairment of human skeletal
muscles. Int J Mol Sci, 2020, 21: 3992

[2] Lieber RL, Binder-Markey BI. Biochemical and structural
basis of the passive mechanical properties of whole
skeletal muscle. J Physiol, 2021, 599: 3809-23

[3] Yadav J, Kumar Y, Singaraju GS, et al. Interaction of
chloramphenicol with titin 127 probed using single-
molecule force spectroscopy. J Biol Phys, 2021, 47: 191-
204

[4] Kovanen V, Suominen H, Risteli J, et al. Type IV collagen
and laminin in slow and fast skeletal muscle in rats--
effects of age and life-time endurance training. Coll Relat
Res, 1988, 8: 145-53

[5] Meyer G, Lieber RL. Muscle fibers bear a larger fraction
of passive muscle tension in frogs compared with mice. J
Exp Biol, 2018, 221: jeb182089

[6] Gillies AR, Chapman MA, Bushong EA, et al. High
resolution three-dimensional reconstruction of fibrotic
skeletal muscle extracellular matrix. J Physiol, 2017, 595:
1159-71

[7]1 Pegoraro AF, Janmey P, Weitz DA. Mechanical properties
of the cytoskeleton and cells. CSH Perspect Biol, 2017, 9:
2022038

(8] FiAR, B, Exic. BHEA. IS A #ULGEER
IR AT IE. AR E 2 B 224k, 2011, 37: 86-90

[9] Kirby TJ, Lammerding J. Emerging views of the nucleus
as a cellular mechanosensor. Nat Cell Biol, 2018, 20: 373-
81

[10] Takano K, Watanabe-Takano H, Suetsugu S, et al. Nebulin
and N-WASP cooperate to cause IGF-1-induced sarcomeric
actin filament formation. Science, 2010, 330: 1536-40

[11] Infante E, Etienne-Manneville S. Intermediate filaments:
integration of cell mechanical properties during migration.
Front Cell Dev Biol, 2022, 10: 951816

[12] Chapman MA, Zhang J, Banerjee I, et al. Disruption of
both nesprin 1 and desmin results in nuclear anchorage
defects and fibrosis in skeletal muscle. Hum Mol Genet,
2014, 23: 5879-92

[13] Boppart MD, Mahmassani ZS. Integrin signaling: linking
mechanical stimulation to skeletal muscle hypertrophy.



oM

HEw, % ERURE 2R S HENIE

1213

[14]

[13]

[16]

[17]

(18]

[19]

(20]

(21]

(22]

(23]

(24]

(23]

[26]

[27]

(28]

[29]

(30]

(31]

Am J Physiol Cell Physiol, 2019, 317: C629-41

SkEbk, SIS, FRAE, . AT ECOE B L
i REAE ARG R IT IR, P EE B A &, 2013,
32: 899-909

Csapo R, Gumpenberger M, Wessner B. Skeletal muscle
extracellular matrix - what do we know about its composition,
regulation, and physiological roles? A narrative review. Front
Physiol, 2020, 11: 253

Baluska F, Miller WB Jr, Reber AS. Biomolecular basis of
cellular consciousness via subcellular nanobrains. Int J
Mol Sci, 2021, 22: 2545

Arsenovic PT, Ramachandran I, Bathula K, et al. Nesprin-
2@, a component of the nuclear LINC complex, is subject
to myosin-dependent tension. Biophys J, 2016, 110: 34-43
Shaw NM, Rios-Monterrosa JL, Fedorchak GR, et al.
Effects of mutant lamins on nucleo-cytoskeletal coupling
in Drosophila models of LMNA muscular dystrophy. Front
Cell Dev Biol, 2022, 10: 934586

Ho CY, Jaalouk DE, Vartiainen MK, et al. Lamin A/C and
emerin regulate MKL1-SRF activity by modulating actin
dynamics. Nature, 2013, 497: 507-11

Leong EL, Khaing NT, Cadot B, et al. Nesprin-1 LINC
complexes recruit microtubule cytoskeleton proteins and
drive pathology in Lmna mutant striated muscle. Hum
Mol Genet, 2023, 32: 177-91

Vahabikashi A, Sivagurunathan S, Nicdao FAS, et al.
Nuclear lamin isoforms differentially contribute to LINC
complex-dependent nucleocytoskeletal coupling and
whole-cell mechanics. Proc Natl Acad Sci U S A, 2022,
119: €2121816119

Swift J, Ivanovska IL, Buxboim A, et al. Nuclear lamin-A
scales with tissue stiffness and enhances matrix-directed
differentiation. Science, 2013, 341: 1240104
Chatzifrangkeskou M, Kah D, Lange JR, et al. Mutated
lamin A modulates stiffness in muscle cells. Biochem
Biophys Res Commun, 2020, 529: 861-7

Owens DJ, Messeant J, Moog S, et al. Lamin-related
congenital muscular dystrophy alters mechanical signaling
and skeletal muscle growth. Int J Mol Sci, 2020, 22: 306
Srivastava LK, Ju Z, Ghagre A, et al. Spatial distribution
of lamin A/C determines nuclear stiffness and stress-
mediated deformation. J Cell Sci, 2021, 134: jcs248559
Chang W, Worman HJ, Gundersen GG. Accessorizing and
anchoring the LINC complex for multifunctionality. J Cell
Biol, 2015, 208: 11-22

Jabre S, Hleihel W, Coirault C. Nuclear mechanotransduction
in skeletal muscle. Cells, 2021, 10: 318

Tajik A, Zhang YJ, Wei FX, et al. Transcription upregulation
via force-induced direct stretching of chromatin. Nat
Mater, 2016, 15: 1287-96

Nishikawa K. Titin: a tunable spring in active muscle.
Physiology (Bethesda), 2020, 35: 209-17

Kiss B, Lee EJ, Ma W, et al. Nebulin stiffens the thin
filament and augments cross-bridge interaction in skeletal
muscle. Proc Natl Acad Sci U S A, 2018, 115: 10369-74
Prado LG, Makarenko I, Andresen C, et al. Isoform
diversity of giant proteins in relation to passive and active

[34]

[35]

[36]

[37]

[41]

[42]

[44]

[45]

[46]

[47]

contractile properties of rabbit skeletal muscles. J Gen
Physiol, 2005, 126: 461-80

Ward SR, Winters TM, O'Connor SM, et al. Non-linear
scaling of passive mechanical properties in fibers, bundles,
fascicles and whole rabbit muscles. Front Physiol, 2020,
11: 211

Noonan AM, Mashouri P, Chen J, et al. Training induced
changes to skeletal muscle passive properties are evident
in both single fibers and fiber bundles in the rat hindlimb.
Front Physiol, 2020, 11: 907

Wilson DGS, Tinker A, Iskratsch T. The role of the
dystrophin glycoprotein complex in muscle cell
mechanotransduction. Commun Biol, 2022, 5: 1022
Anderson J, Li Z, Goubel F. Passive stiffness is increased
in soleus muscle of desmin knockout mouse. Muscle
Nerve, 2001, 24: 1090-2

Gillies A, Lieber R. Muscle fibrosis due to loss of desmin
increases muscle stiffness due to an increased number of
perimysial collagen cables. FASEB J, 2014, 28: 1102.8
Ferry A, Messeant J, Parlakian A, et al. Desmin prevents
muscle wasting, exaggerated weakness and fragility, and
fatigue in dystrophic mdx mouse. J Physiol, 2020, 598:
3667-89

Kovanen V, Suominen H. Effects of age and life-long
endurance training on the passive mechanical properties
of rat skeletal muscle. Compr Gerontol A, 1988, 2: 18-23
Fede C, Fan C, Pirri C, et al. The effects of aging on the
intramuscular connective tissue. Int J Mol Sci, 2022, 23:
11061

Lopez MA, Bontiff S, Adeyeye M, et al. Mechanics of
dystrophin deficient skeletal muscles in very young mice
and effects of age. Am J Physiol Cell Physiol, 2021, 321:
C230-46

Brashear SE, Wohlgemuth RP, Gonzalez G, et al. Passive
stiffness of fibrotic skeletal muscle in mdx mice relates to
collagen architecture. J Physiol, 2021, 599: 943-62

Ritter P, Nubler S, Buttgereit A, et al. Myofibrillar lattice
remodeling is a structural cytoskeletal predictor of
diaphragm muscle weakness in a fibrotic mdx (mdx
Cmabh(-/-)) model. Int J Mol Sci, 2022, 23: 10841
Anderson J, Joumaa V, Stevens L, et al. Passive stiffness
changes in soleus muscles from desmin knockout mice are
not due to titin modifications. Pflugers Arch, 2002, 444:
771-6

Wood LK, Kayupov E, Gumucio JP, et al. Intrinsic
stiffness of extracellular matrix increases with age in
skeletal muscles of mice. J Appl Physiol (1985), 2014,
117:363-9

FLMg, KA, rHigle, 4. o BER OGRS 1B BRILIL
ORI AR 4 5% 45 A S AR A B B R T AR A PR AR
2017, 69: 17-32

Jia B, Yu S, Yu D, et al. Mycotoxin deoxynivalenol affects
myoblast differentiation via downregulating cytoskeleton
and ECM-integrin-FAK-RAC-PAK signaling pathway.
Ecotoxicol Environ Saf, 2021, 226: 112850

Solis C, Russell B. Striated muscle proteins are regulated
both by mechanical deformation and by chemical post-



1214

G gEEd

354

[50]

translational modification. Biophys Rev, 2021, 13: 679-95
Sun Z, Guo SS, Fissler R. Integrin-mediated mechano-
transduction. J Cell Biol, 2016, 215: 445-56

Guilluy C, Swaminathan V, Garcia-Mata R, et al. The Rho
GEFs LARG and GEF-H1 regulate the mechanical
response to force on integrins. Nat Cell Biol, 2011, 13:
722-7

Schiller HB, Hermann MR, Polleux J, et al. f1- and av-
class integrins cooperate to regulate myosin II during
rigidity sensing of fibronectin-based microenvironments.
Nat Cell Biol, 2013, 15: 625-36

De Palma S, Capitanio D, Vasso M, et al. Muscle proteomics
reveals novel insights into the pathophysiological mechanisms
of collagen VI myopathies. J Proteome Res, 2014, 13:
5022-30

Whitmore C, Morgan J. What do mouse models of
muscular dystrophy tell us about the DAPC and its
components? Int J Exp Pathol, 2014, 95: 365-77

Lindsay A, Larson AA, Verma M, et al. [sometric resistance

[56]

training increases strength and alters histopathology of
dystrophin-deficient mouse skeletal muscle. J Appl
Physiol (1985), 2019, 126: 363-75

SRR, FB, ERe. — KRR IE SRR R A% UL
B A RIEM T REEE. b IS Eh R AR, 2012,
31:31-7

Hogan A, Yakubchyk Y, Chabot J, et al. The phosphoinositol
3,4-bisphosphate-binding protein TAPP1 interacts with
syntrophins and regulates actin cytoskeletal organization.
J Biol Chem, 2004, 279: 53717-24

Valiente M, Andrés-Pons A, Gomar B, et al. Binding of
PTEN to specific PDZ domains contributes to PTEN
protein stability and phosphorylation by microtubule-
associated serine/threonine kinases. J Biol Chem, 2005,
280: 28936-43

Mamsa H, Stark RL, Shin KM, et al. Sarcospan increases
laminin-binding capacity of a-dystroglycan to ameliorate
DMD independent of Galgt2. Hum Mol Genet, 2022, 31:
718-32



