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Abstract: The epithelial-mesenchymal transition ( EMT) is a critical step in physiological and pathological

processes such as the embryonic development, the wound healing, and the cancer progression, wherein cells
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transition from a tightly adherent epithelial state to a dispersed mesenchymal state. An EMT core circuit model
driven by the synergistic regulation of matrix stiffnesses and growth factors was proposed. The results show
that, during the EMT, the matrix stiffnesses and growth factors collaboratively regulate the expression of the
E/N-cadherin, a typical cell-cell adhesion molecule, by modulating the EMT-activating transcription factors,
thus influencing the progression and reversibility of the EMT. The model elucidates the mechanism of synergistic
interactions between mechanical and chemical factors on cell-cell adhesion during the EMT, laying a theoretical
foundation for understanding the occurrence, development mechanisms, and preventive strategies against dis-

eases such as cancer.
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Fig. 1 The EMT core circuit model driven by the synergistic regulation of the matrix stiffness and growth factors
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Table 1 Relative expressions of related molecules in the full EMT state

notation meaning value reference
Prcrm relative expression of endogenous TGF-B in mesenchymal cells 10 [19]
P Rsnail, M relative expression of Snail mRNA in mesenchymal cells 5 [20,43]
PSNAIL,M relative expression of SNAIL in mesenchymal cells 10 [20,43]
PmiR34 M relative expression of miR-34 in mesenchymal cells 0.15 [20]
PRaeh M relative expression of Zeb mRNA in mesenchymal cells 5 [20]
P7EBM relative expression of ZEB in mesenchymal cells 10 [20]
PmiR200,M relative expression of miR-200 in mesenchymal cells 0.15 [20]
Plead, M relative expression of E-cadherin in mesenchymal cells 0.13 [20,43]
PiNead, M relative expression of N-cadherin in mesenchymal cells 8 [20,43]
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Fig. 2 Time evolutions of relative expressions of related molecules in cells during the EMT induced

by the high exogenous TGF-B level and the high matrix stiffness
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Table 2 Parameters used in the model
notation meaning value
ky /h7! production rate of TGF-B 0.25
Jy Michaelis constant of miR-200-inhibited production of TGF-8 0.29
kY /h7! degradation rate of TGF-@ 0.02
kg /h7! basic production rate of Snail mRNA 0.26
ks /h! TGF-B-dependent production rate of Snail mRNA 1.04
J. Michaelis constant of TGF-B-dependent Snail mRNA production 5
ky /b7 degradation rate of Snail mRNA 0.26
K /b7 production rate of SNAIL 0.16
Js Michaelis constant of SNAIL production 1
kS /h7! degradation rate of SNAIL 0.08
k2 /! production rate of miR-34 0.53
Jus Michaelis constant of SNAIL-dependent miR-34 production 10
Jauz Michaelis constant of ZEB-dependent miR-34 production 4.5
B /h7! degradation rate of miR-34 0.5
K /b production rate of Zeb mRNA 1.04
J, Michaelis constant of Zeb mRNA production 2
2 /h7! degradation rate of Zeb mRNA 0.2
K /h! production rate ZEB 0.2
Jy Michaelis constant of ZEB production 1
k5 /h7! degradation rate of ZEB 0.1
R production rate of miR-200 0.53
Jao0s Michaelis constant of SNATL-dependent miR-200 production 4.5
Jaooz Michaelis constant of ZEB-dependent miR-200 production 10
K3 /h7! degradation rate of miR-200 0.5
kf /h7! SNAIL-dependent production rate of E-cadherin 0.011
Jis Michaelis constant of SNAIL-dependent E-cadherin production 3.7
kY /h7! ZEB-dependent production rate of E-cadherin 0.011
Jez Michaelis constant of ZEB-dependent E-cadherin production 3.7
ES /h7! degradation rate of E-cadherin 0.02
ky /h7! SNAIL-dependent production rate of N-cadherin 0.086
JIxs Michaelis constant of SNAIL-dependent N-cadherin production 2.76
kY /h! ZEB-dependent production rate of N-cadherin 0.086
Inz Michaelis constant of ZEB-dependent N-cadherin production 2.76
EY /h7! degradation rate of N-cadherin 0.02
Fex relative import rate of TWIST1 into nucleus 10
ke relative binding rate of TWIST1 to G3BP2 100
E, /kPa stiffness where TWIST1 phosphorylation reaches the half maximum level 0.1

2 RSB

2.1 ShERYE TGF-p FIEMK R EMT B2 alifs

A SRR U] A NI BRI R BN TCF-B (TR p* = 4 ng/mL) BT 38 o B[] 15
Fe( =4 d) , ATLIESSE S EMT, (AH 400 52 B0 NS5 52 bk iy TR ST ORI T m M v MU
PE TGF-B AR EEZAE T, 40 AR 5C RNA FIEE P B I T30 A ) i 2, 53045 58 T AR g i 47l 44 SRRl
(8 SRR, Al 2 B (ROl R IR TSGR (43 ] BN BE prce o = 5, Prwisie = 1) CARERBLEMT 7] LA



%5 6 1 ARG YR A5 ¢ LI RN A A A B R 9K Bl e -E] T A B - AR 5 BIL R 727

B R TR BAH AR B (SNAIL  ZEB  N-85%5 2 ) 9335, MRS L 2 AH AR 25 9 (miR-34 \ miR-200 | E-£5
FhE) BFIE, e R R AMNETE TCF-B B 254 5 1 SNAIL, i J5 J2 55 Sk A F ZEB, i & E/N-5%6 %,
DCUBEE I 5 S — 2022 i B/ N-ASEE R AR LS 5 Rt e BEE 4, R EMT nf LIAE 5
KZWNSERL R T RIEE I AL F R0 | I i A AR SOL RS K AR 181 2 76 10 L FRATTHE T SR A AR SDUAN [i) &1 V8 1
TGF-B AIXTR 24T, A2 RNA FIER AR IR BE A4S Ak, I 5 Sk b i Bl 64T 1 6 B, L 3 BT (B
i sSRUR T SCHR[ 20 ] BERIBEAE pryisyy e = 1) « FTLAE B BT T SCHR A 9 S B0 25 3L, 1 HL 1 ALY
HNIEPE TGF-B AH XY BE -5 SCHR AT 1 ng/mL A9 5T 1 K BEAH 4. 5 AMIEME TGF-B AR BE R T 2 N ERA
A T 58 4 EMT BRRAS 3 5 SCik i A5 558 4 EMT BT HAMNEE TGF-B B BT E (2~ 10 ng/mL)
¥§&[20-22,43] .

exogenous TGF-f3 exogenous TGF-
0 2 4 0 2 4
10 10
a ° a 8
U
> / model data S o odel data
.2 Pronail — B 2
g P o g ﬁ sNaL— B
4 o
5 19 P mir34 A 5 1 o
E v E - A
= Pmircoo —, V =
A
A
0.1 T T T 0.1 T
0 2 4 0 2 4
P16, ext PrGE, ext
(a) RNA AR B RSN TE TGF-B 2 {2k (b) AR BESNEYE TGF-B 22 fK i 2k
(a) The RNA expression as a function of TGF-B (b) The protein expression as a function of TGF-B

B3 RS TCF-B AIIRIE S 10 JJT, L5645 EMT B2 A58 T B[ 025 (s
Fig. 3 The expressions of related molecules in cells treated with various exogenous TGF-B levels for 10 days

AN BRI RY] EMT IR SLRIDE A 7220 Bk 7 b B R ) S5 R B A, 41 M iR A5 nT i S B IR i AR A
T4y b Bz B HE AN ] B4R AE O FR 2 EMT (partial EMT, pEMT) 2250 1734 EMT %8 40 M AE (5 B 1 %50 il 4 i
() 72 BB B RIS, SRR T T sl T SO M RR T U E SRR, DTS5 T A0 i i 1R 2B M RS e
Fy S AR R A RS AN TGF-B H LA A , & A5 4 EMT A4 AR AT L33 % [l 1 Rz 2 0 A 40
i, Tige4 EMT B4 TCEE R ) S THIE EMT B AT, FRATEL BRI T A R AMEE TGF-B AH Xt
REE (pror o) HIBUR SIS, FEARAMEM: TCF-B AT B — KT (prop o) TR RSB
E/N-£5 28 2 AH 0 B2 BE R ] ) A4k, Qi 4 B 7 (CBICHE sSOR R 1 SCR [ 20 ] rf e (N-85 25 2 X4 1 T vimen-
tin) AR TE P e = 1) o B PR LT S B0 H0HE 200 TN 45 SR B L m A YR B (4 AN B0 AR R
TGF-B FIUG , A TE e 4 EMT, T LU I [ B 505k [ % AR 2 09 N R TGF-B ZE-e(E) B 2 784 ) DR e Ak
FHMEME TGF-B JCI 4N & 2] I je A SR, 78 H AEFDRE (1 S50 AN TGF-B HIlFS , 41
A K A= 4r EMT  ZELR B T 1 B AR A IR I SO T 350 43 ) 18] o 6 US40 |, J 22 AMIE A TGF-B mT LAAH
2 0K A5 3] 1 e 2 R0, AR AR A vk O AR TGF-B (0.1 DNEA47) JLF-TC S EMT & Al X o2l JLEL i |
RAR I HIA AN T E A BANERE TGF-B Ml N EMT 2R 2510 M.

h T 25T EMT SRR 5 MG TCF-B AHXTHR BE 1 6 R AR H 3 R (3R 1) —(9) ) #E47
TN, W S R (A T SRR EAR RPN, R EMT R4 EMT LLK 584 EMT 1
YL, T T R T A O B RS B R A AR L vy R AR B ) A5 SR Y AN TGF-B A1
X BE/NT 0.5 A BANER 5 RELEAT ELACAH Wi, RIVAR A7 A P b 24 %o e (R A4S BIV b i i ) SR 285 5 1
MHNEME TCF-B AXT M BE KT 0.5 A ERALET, Fr RRdl (A — A ff , BV (S A7 7 [ 5 — R RS PR A 4R T,
RAVF— 2 MR ZE, A0 AT DIAFAE R 0 AP 17 3 26 v (RS BES M TGF-B AH X 32 118 15 Jon 1 ik



728

n2
2

I O ||

2024 4F 3 45 &

P (FE5(a) 5(d) 5(g)) JXEEEREN] ARWERISMETE TCF-B 2601, A 2R3 A B B9 00 iR ARk
i) | g w3 AL AL i e BE R AR TGF-B 2% A M ) 475 2 MO AV I 1] ) 3t SR AU A A

N nn - 1.0+ 4 model data
; . P1GF, exto = 4 — o
0.8 P16, exto = 1 o
" PrGEewo =01 — &
’ o
< Z 0.6-
: (%3}
s ¥, model data B o
P 1GE, exto = 4 e o -
. n .
24 Prapes =1 —— © °
n Pror e =01 — 4 o
: 0.21 H\T\
- o
' I I I j T T T T
0 2 4 0 " ; .
o P1aE, exti

(a) N-ESZHZE AL

(a) The relative expression of N-cadherin

(b) E-E55Z A X

(b) The relative expression of E-cadherin

B 4 TEARSNENE TCF-B MR (prop o) 5 F4IME EMT &8 10 KJ5 K A0AEE THIRZMETE TGF-B
AR L (pror. e ) FHEFR 10 K, AHAE PR 2 3 AR o B2 1 224k

Fig. 4 Relative expressions of cadherins in cells firstly treated with various exogenous TGF-B levels (prp, oo )

for 10 days and then with indicated exogenous TGF-B levels (pygp oqi ) for another 10 days

p TGF

il

0 1 2 3 4 5
P 1GE, ext
(a) PIRTE TGF-B ARXSVRE,
FFREN 107
(a) The relative expression of TGF-

with a max error of 1073

pT(jl‘

10+

P 16F, ext
(b) PNk TCF-B AU,
BYFRZEN 1070
(b) The relative expression of TGF-3

with a max error of 107

p

TGF, ext
(¢) PIUEYE TGF-B AR
FFRZEN 1077
(¢) The relative expression of TGF-B

with a max error of 1077

81 81 8
61 61 6
! % 4 3 4 :
QU SY QU -
21 2 2{
0 T T T T 0 v 0 T T r T . r
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
’0 TGF, ext p TGF, ext '[) TGF, ext

(d) N-SHFRAMARE,
BFRE R 1070
(d) The relative expression of N-cadherin

with a max error of 1073

(e) NAGFHFRAMXIE,
BVFREN 107
(e) The relative expression of N-cadherin

with a max error of 107°

(1) N-EGREREAXTUSL,
HFiREN 107
(f) The relative expression of N-cadherin

with a max error of 1077



%5 6 1 ARG YR A5 ¢ LI RN A A A B R 9K Bl e -E] T A B - AR 5 BIL R 729

1.0 1.0 1.0
0.8 0.8 0.8
L 0.64 _ 0.6 7 0.6
& & Sy
< 0.4 = 0.4 0.41
0.2 0.2 0.21
04— - . T r . 04— . - T . - 0
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
P gt ex P 1aF, ext Pk e
(g) E-ESFHRFHNHSE (h) E-E5HZR XA, (i) E-BSRRAHXRE,
HFRZEN 107 AR 107 HIFRER 107
(g) The relative expression of E-cadherin (h) The relative expression of E-cadherin (1) The relative expression of E-cadherin
with a max error of 1073 with a max error of 107° with a max error of 10’

5 AMEYE TGF-B i3 EMT 894375 40
Fig. 5 Bifurcations of EMT-related markers vs. the exogenous TGF-B level

2.2 EFERIE@ET TWIST1 BBk 22N ENZ

SR, AR TGF-B 55 EMT Y adt B A A AR T~ HAS By (R 35 |t B T4 i i b 1) ) 22 30 B E
SR B 3 5 I EE AT DL A O A R 05 S B, SR fE TWIST1 b i g & iR 5k %L Tyr 103
(G3BP2 INZEAALEL) , 23 TWIST1 M ST H A g 25 11 G3BP2 R 35 I HoA% 5 oz, i ax — AL i) 5 40 i
B0 BB S A A AR -Y AP 5 7 14 1 F R iR AR AN ] 2134700 R — I Fs L], B AT TR RSB T AN [
JEHY TWIST1 BEEE BT BE A 2R (BT 6(a) ).

1.0 1.0+
0.8+ T 0.8

U '~
5 .,
= J N TWISTI, nuc
g 0.6 ., . 0.6
= TWISTI, cyt g
S 5
§ 044 /N T P srwisti E
2 == Prwisti-G3Br2 < 04 1.- /-
Z 024 ¢ =100, 50,20, 10, 5,1
= N 024

0_,_f____.T_T',_,__—_.»..vaAr"‘-" R

T T T ) 0 T T T )
0.01 0.1 1 10 100 0.01 0.1 1 10 100
E /kPa E /kPa
(a) ARRIER TWIST1 () H % e BE i 4k (b) NIl G3BP2 45 & H% (k1°) T, TWISTI 4
P A2 A 5 2 AEX v B T R A AR b DG R
(a) Relative concentrations of different forms of TWIST1 (b) Relative concentrations of matrix stiffness-dependent nuclear
as a function of the matrix stiffness TWIST1 under different G3BP2 binding rates ( EZ(’)

Bl 6 JLENIEES TWISTI B EN IR
Fig. 6 The relationship between the nuclear translocation of TWIST1 and the matrix stiffness

ATLUE 3, TWISTL AN AR B (o e ) FEAEJET B 2 ] YOG R SR 00 S I £, B W BE AR T 0.1
kPa I, TWIST1 A% Py A X e B2 30 A /IMA., 117 75 T 10 kPa IF, TWIST 2% P4 AH 6 ok B2 T4 R (H, X 5 40
LS5 HPOREE B I TE 5.7 kPa HEJ5TH TWISTL KSR o T A% N, AE 0.15 kPa B 5T TWISTL K
SYECT AN A B — 3 I TR SRR W S TWIST1 K43 LS G3BP2 454 T A7 1
JLJSE S Y TWIST JCie /2 15 W W A AR AE - 7R AR AP A AL i — 25 3500 1 AN [R] TWIST1-G3BP2 éﬁéﬂﬂ
SRR (EL°, 5 G3BP2 AHXTHREE MUIE ) 2, TWISTL A% P X i i B 6 o W 2 (725 Ak 2 (PR 6.( b)) ).
SEILF  E LK L FEAIR G3BP2 AHX e B2 # AT LAAT ZHE ff TWIST1 A% P AF X ik B 38 hn , 3 B, 5 SC ik i



730 A R~ G SO | ) = 2024 £ 3 45 %

MR G3BP2 B iR HE TWIST1 AMZSRAEHE EMT & A= i 4 —3 12,
2.3 ERNIEMSMEME TGF-p % EMT SR EAEZIER

J T ST I T W AT TGF-B anfal U [R5 i EMT SRR, FA TSR T4 JCAMEME TGF-B il
Felk R LRI XS Snail (6 RNA LK N-E58E AR EE (B2, AN 7 7% CHCHR 90K UR TS0 227,
BRI SE pogp o = 50 HEFEIFTEI N 10 J0) 18045 5 5 SCHAR I (1 S 048 52— S B B 45 SN IBEME TGF-B gy
GE T IR FE JLT SIS Snail (%% 3K T N4 38 2 1A ik 765 70 R UM IR TGF-B LR
T R O T Ak Smail, 9 S5 A 535 U900 DTS2 20 LA g 470 1 ] 03l T 24
LN ZAF T, RVAEAE 78 1 AR TCR-B I T, A th AN & & 42 EMT .

model data < 8
4 pTGF.e,‘(I:S — o . -3 E
pTGF‘cxl=0 E
<
= 6
L2 i,_) -
b1
3 g E < model
< 7 2 QE 4 Prgrea =5 -
o -1 g-q pTGF,exl:O R
5
2 2-
[ o o o 0 -% /
0 0

0.1 i ll() 100 0.1 1 10 100
E/kPa E /kPa
(a) Snail fFfll RNA AHXHE (b) N-F5 3 3R e
(a) Relative expressions of Snail mRNA (b) Relative expressions of E-cadherin

7 B IHMNEYE TCF-B RIBARAE T Ao H ] v J32 Bl 3 i W1 2 P AR b 06 3R
Fig. 7 Relative expressions of related molecules as a function of the matrix stiffness with or without exogenous TGF-f
e, FAEER AT X — s AL TN B G SR 0 b B A, Sk AT AMIEPE TGF-B Mk, Ja i 2 S IR 14
TGF-B , N-55 % 22 A B 1) e KB RN e ZAE R AR TGF-B AR v B R o I B2 i A2 AL AH BT (1K1 8).

maximum value Pread. mas endpoint value PNead, end

5 ' 5

7 7
4 4

<3 i = 3 i

g g

Q2 QU 2

3 3
1 1

1 1
0 0

2 - 6 8 10 2 4 6 8 10
E/kPa E/kPa
(a) N-E5RGZANN e BE 1y fe R (b) N-F5FHZA X BE e 24
(a) The maximum expression of N-cadherin (b) The end-point expression of N-cadherin

8  LIRANMIAE—ESMRPE TCF-BAIRIRIE (prop o) HiFF 10 IR FHIESMEYE TCF- JE37 10 K,
=515 6 2R A N V% T2 8 e LRI e 2 (BB S [RI MR TGF-B A X JBE AR B I 2 1142 f A ]
Fig. 8 Phase diagrams showing N-cadherin maxima and end-point values at different matrix stiffnesses and exogenous
TGF-B levels (pigp o) - The simulations correpond to epithetial cells firstly treated with various exogenous

TGF-B levels for 10 days and then without exogenous TGF-B for another 10 days
ZERRW], HATER T 2 kPa FEIE I, 78 R AMEYE TCF-B ML T (pygp.o, > 2), MMIA SR A E 4
EMT (pyq > 7) 5 TAKFIAY TCF-B ML (pror.ow < 1) HABE S EMT 09K A i ZSSMNENE TCR-B il



%5 6 1 ARG YR A5 - N B2 A A R A I [R] 9K l_L B -  Bi AL 1) ) - 5 AL 731

P EMT BRI AT LIRS 2 1 e =8 (HAE BRI ILE 1 (E > 6 kPa) , &5 T 248 = i S IR 1
TCF-B (prgrox > 2) TG 200 ML 23 Al 46 (5] S0 R 70 3 e 58 8 W] oo 5 ot I 32 R v SR TGF-B A2 A2
AN % A 58 4 EMT 1Y 78 B 441,

T BRAFAN R S BUE B AR Ak anfar 5% i 2 SR NI E 55 TGR-B R PR RIVE T, FRATTRE 2 2wk 27 S8t 47
T HUBPES BTN SE L TR 10% 3800 8 Y 1 DR (prgr.oq =2, E = 6 kPa) WSS N-AHZE R ARXT
5 1) e AR RN e 2 43 AR X T FR S EO AR fE Le ], aniE] 9 Firs (AR S ECAR R T & 8 T 48 % i,
Pror.on = 2, E = 6 kPa) MRAEXEESEO Y 8 )20 B T LCKE Ay 4 4, 20000 oy« N DR TGF-B % 2
0 miR-34/SNAIL JEFEZE0 . miR-200/ZEB J##5 2 5 LA K 3 5 W FE-TWSIT1 P8 280 0T LA A HE T3
JE I EE-TWSIT1 M4 S50, N5 2 28 AR R 6 Hofth — 20 A A A5 5 AH S IR 2 B0 i oy S Uk, i EMT
IR AR R R A 520 L ) 2% R R T 2 XU B S 2 A B ) AR RS (AR ) DL AR AE AL
5 I b P T o N 2 T e 4 [ ) 7 R B IR R i e 72

(AR AR AR SCHLA 0 S0 5008 5 R R T NFLIR 2 41 MCF10A P24 DK /N BRFLIR 1 5z 4
Jitl NMuMG > AN A A0 M e 5 AL Bt ) e e — g 22 5 (E IR AR i A A A5 31 1) 2222548,

ki Jr kE ko ky Jo kG kY s kSRS Jas Jup k3OKEJ, kG KE Jp KGR s Sz K3 kew KEC Eo

0.5
TGF-Bexpression ~ miR-34 / SNAIL feedback loop miR-200 / ZEB feedback loop stiffness-TWIST1
;' 0 —_——
£
—0 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1.5
z
SY
-1.5
Bl ARZHL T N-E5REF A ) B KB A B 2 R )
Fig. 9 The effects of changing parameters on N-cadherin maxima and end-point values
ﬂ_: N
3 én I/b\

ARSCHESE. 1 o W FE A A A A7 DRI AK Sy EMT A8 AL 42 (] S R A TR R 5 1 BAT 114 5 Tt M
TGF-B ifid EMT #0455 N (TWIST1 SNAIL1/2 ZEB1/2) ¥ #2 41 1A I3 2 R W 73 438 (E-#5 36 % \N-
FENE) MG dan T H2# R R AL e EMT SERE b i U IR DR VR F , O B EMT 2 7 v 40
BRI -AB S AL B 06 1T AL AR GBI TE AN A B T8 72 i e A R SR 68 73 T-HILTH 3 T 2 2 )
FAABETT A AR IR T R BERE T BLIE LA,

22 3k ( References) :

[1] NIETOM A, HUANG RY J, JACKSON R A, et al. EMT: 2016[ J]. Cell, 2016, 166(1) . 21-45.

(2] INEN, 24D, PR, 4. MR AI8U) 5 5 B 5 R i i Y b Be- I B AR [ I ). BRI A 1%, 2021, 36(4) -
658-663. (SUN Yuchuan, LI Hong, LUO Qing, et al. Mechanical heterogeneity of tumor tissues and epithelial-
mesenchymal transition of tumor cells| J . Journal of Medical Biomechanics, 2021, 36(4) : 658-663. (in Chi-
nese) )

(3] XU, F4&m, #EA, % Mg b R- B (EMT) B 44 ARt ge b B [ T . VU RS RO K244 (A 4%



732 A R~ G SO | ) = 2024 4 5545 45

Bl2EM) , 2020, 46(6) : 571-577. (LIU Yang, WANG Jinpei, HUANG Guoyou, et al. Research advances in bio-
mechanical properties of EMT in tumor cells[ J |. Journal of Southwest University for Nationalities ( Natural
Science Edition) , 2020, 46(6) ;. 571-577. (in Chinese) )

[4] FONT-NOGUERA M, MONTEMURRO M, BENASSAYAG C, et al. Getting started for migration: a focus on
EMT cellular dynamics and mechanics in developmental models[ J]. Cells & Development, 2021, 168 203717.

[5] THIERY J P, ACLOQUE H, HUANG R Y J, et al. Epithelial-mesenchymal transitions in development and dis-
ease[ J]. Cell, 2009, 139(5) . 871-890.

[6] STEMMLER M P, ECCLES R L, BRABLETZ S, et al. Non-redundant functions of EMT transcription factors
[J]. Nature Cell Biology, 2019, 21(1): 102-112.

[7] PUISIEUX A, BRABLETZ T, CARAMEL J. Oncogenic roles of EMT-inducing transcription factors[ J]. Nature
Cell Biology, 2014, 16(6) . 488-494.

[8] HAOY, BAKER D, TEN D P. TGF-B-mediated epithelial-mesenchymal transition and cancer metastasis| J].
International Journal of Molecular Sciences, 2019, 20(11) . 2767.

[9] BOARETO M, JOLLY M K, GOLDMAN A, et al. Notch-jagged signalling can give rise to clusters of cells ex-
hibiting a hybrid epithelial’mesenchymal phenotype [ J]. Journal of the Royal Society Interface, 2016, 13
(118) . 20151106.

[10]  XIHET, SR RUER 75 & B P 4e il b b Re-Ta SE B AR LR S EJe [ ). ZEanlaf, 2018, 30(8) : 868-
875. (LIU Zhining, SANG Chen. Roles of proinflammatory cytokines in organ fibrosis and epithelial-mesenchy-
mal transition[ J ]. Chinese Bulletin of Life Sciences, 2018, 30(8) . 868-875. (in Chinese) )

[11] DESPRAT N, SUPATTO W, POUILLE P A, et al. Tissue deformation modulates twist expression to determine
anterior midgut differentiation in drosophila embryos[ J]. Developmental Cell, 2008, 15(3) . 470-477.

[12] #k£x, XIAO G G S, AF, %. 4/ o microRNA JE# R L[ J]. GRS L8k Hl2A 2k, 2012, 28
(5): 477-481. (ZHANG Zhong, XIAO G G S, SHI Yu, et al. Significance of microRNA regulation in cell life
process| J |. Chinese Journal of Clinical and Experimental Pathology, 2012, 28(5) . 477-481. (in Chinese) )

[13] FENG X, WANG Z, FILLMORE R, et al. MiR-200, a new star miRNA in human cancer[J]. Cancer Letters,
2014, 344(2) . 166-173.

[14] WELLNER U, SCHUBERT J, BURK U C, et al. The EMT-activator ZEB1 promotes tumorigenicity by repress-
ing stemness-inhibiting microRNAs| J |. Nature Cell Biology, 2009, 11(12) . 1487-1495.

[15] CHEN L, GIBBONS D L, GOSWAMI S, et al. Metastasis is regulated via microRNA-200/ZEB1 axis control of
tumour cell PD-L1 expression and intratumoral immunosuppression [ J]. Nature Communications, 2014, 5
(1).5241.

[16] SIEMENS H, JACKSTADT R, HUNTEN S, et al. miR-34 and SNAIL form a double-negative feedback loop to
regulate epithelial-mesenchymal transitions[ J]. Cell Cycle, 2011, 10(24) . 4256-4271.

[17] HAHN S, JACKSTADT R, SIEMENS H, et al. SNAIL and miR-34a feed-forward regulation of ZNF281/ZBP99
promotes epithelial-mesenchymal transition[ J |. The EMBO Journal, 2013, 32(23) . 3079-3095.

[18] GREGORY P A, BRACKEN C P, SMITH E, et al. An autocrine TGF-3/ZEB/miR-200 signaling network regu-
lates establishment and maintenance of epithelial-mesenchymal transition[ J |. Molecular Biology of the Cell,
2011, 22(10) ; 1686-1698.

[19] TIAN X J, ZHANG H, XING J. Coupled reversible and irreversible bistable switches underlying TGFB-induced
epithelial to mesenchymal transition[ J]. Biophysical Journal, 2013, 105(4) : 1079-1089.

[20] ZHANG J, TIAN X J, ZHANG H, et al. TGF-B-induced epithelial-to-mesenchymal transition proceeds through
stepwise activation of multiple feedback loops[ J]. Science Signaling, 2014, 7(345) . ra9l.

[21] WEIS C, FATTET L, TSAI J H, et al. Matrix stiffness drives epithelial-mesenchymal transition and tumour
metastasis through a TWIST1-G3BP2 mechanotransduction pathway [ J]. Nature Cell Biology, 2015, 17(5) .
678-638.



ARG YR A5 ¢ LI RN A A A B R 9K Bl e -E] T A B - AR 5 BIL R 733

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[36]

[37]

[38]

[39]

[40]

LEIGHT J L, WOZNIAK M A, CHEN S, et al. Matrix rigidity regulates a switch between TGF-B1-induced ap-
optosis and epithelial-mesenchymal transition[ J |. Molecular Biology of the Cell, 2012, 23(5) : 781-791.

LU M, JOLLY M K, LEVINE H, et al. MicroRNA-based regulation of epithelial-hybrid-mesenchymal fate deter-
mination[ J |. Proceedings of the National Academy of Sciences, 2013, 110(45) . 18144.

TRIPATHI S, CHAKRABORTY P, LEVINE H, et al. A mechanism for epithelial-mesenchymal heterogeneity in
a population of cancer cells[ J]. PLOS Computational Biology, 2020, 16(2) : e1007619.

BOCCI F, GEARHART-SERNA L, BOARETO M, et al. Toward understanding cancer stem cell heterogeneity
in the tumor microenvironment[ J ]. Proceedings of the National Academy of Sciences, 2019, 116 (1) ; 148-
157.

TRIPATHI S, LEVINE H, JOLLY M K. The physics of cellular decision making during epithelial-mesenchymal
transition[ J]. Annual Review of Biophysics, 2020, 49(1) . 1-18.

PEINADO H, QUINTANILLA M, CANO A. Transforming growth factor B-1 induces snail transcription factor in
epithelial cell lines; mechanisms for epithelial mesenchymal transitions[ J]. Journal of Biological Chemistry,
2003, 278(23); 21113-21123.

DAVE N, GUAITA-ESTERUELAS S, GUTARRA S, et al. Functional cooperation between SNAIL1 and TWIST
in the regulation of ZEB1 expression during epithelial to mesenchymal transition [ J |. Journal of Biological
Chemistry, 2011, 286( 14) . 12024-12032.

CANO A, PEREZ-MORENO M A, RODRIGO I, et al. The transcription factor snail controls epithelial-mesen-
chymal transitions by repressing E-cadherin expression[ J]. Nature Cell Biology, 2000, 2(2) : 76-83.
BATLLE E, SANCHO E, FRANCI C, et al. The transcription factor snail is a repressor of E-cadherin gene ex-
pression in epithelial tumour cells[ J|. Nature Cell Biology, 2000, 2(2) . 84-89.

MORENO-BUENO G, CUBILLO E, SARRIO D, et al. Genetic profiling of epithelial cells expressing E-cadher-
in repressors reveals a distinct role for snail, slug, and E47 factors in epithelial-mesenchymal transition[ J].
Cancer Research, 2006, 66(19) ;. 9543-9556.

VANDEWALLE C, COMIJN J, DE CRAENE B, et al. SIP1/ZEB2 induces EMT by repressing genes of different
epithelial cell-cell junctions[ J]. Nucleic Acids Research, 2005, 33(20) ;. 6566-6578.

JIN G, ZHANG Z, WAN J, et al. G3BP2; structure and function[ J]. Pharmacological Research, 2022, 186
106548.

FATTET L, JUNG H Y, MATSUMOTO M W, et al. Matrix rigidity controls epithelial-mesenchymal plasticity
and tumor metastasis via a mechanoresponsive EPHA2/LYN complex| J ]. Developmental Cell, 2020, 54(3) .
302-316.

JEIE, ARBE, EZh, S SR S AN AR BT ) L S A [ T TTERA RN )54, 2021, 42(10) - 1024-
1044. (GONG Bo, LIN Ji, WANG Yanzhong, et al. Mechanical modeling and analyses of cytoskeleton and ex-
tracellular matrix[ J]. Applied Mathematics and Mechanics, 2021, 42(10) ;: 1024-1044. (in Chinese) )
CHENG B, WAN W, HUANG G, et al. Nanoscale integrin cluster dynamics controls cellular mechanosensing
via FAKY397 phosphorylation[ J]. Science Advances, 2020, 6(10) . eaax1909.

REWE, TRIE. 5 BN AN BB AT B AR R B 2 U [ ). R R %7, 2021, 42(10) : 1074-1080.
(CHENG Bo, XU Feng. A molecular clutch model of cellular adhesion on viscoelastic substrate[ J]. Applied
Mathematics and Mechanics, 2021, 42(10) ; 1074-1080. (in Chinese) )

ALEXANDER N R, TRAN N L, REKAPALLY H, et al. N-cadherin gene expression in prostate carcinoma is
modulated by integrin-dependent nuclear translocation of TWIST1[ J]. Cancer Research, 2006, 66(7) : 3365-
3369.

REN J, CROWLEY S D. TWIST1: a double-edged sword in kidney diseases[ J]. Kidney Diseases, 2020, 6
(4) . 247-257.

YANG M H, HSU D S, WANG H W, et al. BMI1 is essential in TWIST1-induced epithelial-mesenchymal transi-



734 A R~ G SO | ) = 2024 4 5545 45

B

tion[ J]. Nature Cell Biology, 2010, 12(10) : 982-992.

[41] XUY, LEE D K, FENG Z, et al. Breast tumor cell-specific knockout of TWIST1 inhibits cancer cell plasticity,
dissemination, and lung metastasis in mice[ J]. Proceedings of the National Academy of Sciences, 2017, 114
(43) . 11494-11499.

[42] CASAS E, KIM J, BENDESKY A, et al. SNAIL2 is an essential mediator of TWIST1-induced epithelial mesen-
chymal transition and metastasis[ J|. Cancer Research, 2011, 71(1) ; 245-254.

[43] TRAN D D, CORSA CAS, BISWAS H, et al. Temporal and spatial cooperation of SNAILI and TWIST1 during
epithelial-mesenchymal transition predicts for human breast cancer recurrence [ J|. Molecular Cancer Re-
search, 2011, 9(12) . 1644-1657.

[44] SUBBALAKSHMI A R, ASHRAF B, JOLLY M K. Biophysical and biochemical attributes of hybrid epithelial/
mesenchymal phenotypes[ J|. Physical Biology, 2022, 19(2) : 025001.

[45] CUIJ, ZHANG C, LEE J E, et al. MLL3 loss drives metastasis by promoting a hybrid epithelial-mesenchymal
transition state[ J]. Nature Cell Biology, 2023, 25(1) . 145-158.

[46] MULLINS R D Z, PAL A, BARRETT T F, et al. Epithelial-mesenchymal plasticity in tumor immune evasion
[J]. Cancer Research, 2022, 82(13) ; 2329-2343.

[47] ZHU H, MIAO R, WANG J, et al. Advances in modeling cellular mechanical perceptions and responses via the
membrane-cytoskeleton-nucleus machinery[ J |. Mechanobiology in Medicine, 2024, 2( 1) : 100040.

[48] ZHANG C, ZHU H, REN X, et al. Mechanics-driven nuclear localization of YAP can be reversed by N-cadher-
in ligation in mesenchymal stem cells[ J|. Nature Communications, 2021, 12(1) . 6229.

[49] ZHANG Z, ZHU H, ZHAO G, et al. Programmable and reversible integrin-mediated cell adhesion reveals hys-
teresis in actin kinetics that alters subsequent mechanotransduction| J ]. Advanced Science, 2023, 10(35) :

2302421.



